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I# 15 Foroword
. " The first Report on Research at the Air

Force Cambridge Research Laboratories
.. covered research (luring the period Janu-

ary 1961 through June 1962. This report,
the sixth in this series, covers the period
July 1970 through June 1972. The research

lab4 'atory begun by the Army Air ForceIon September 20,1945, with the name, The
Cambridge Field Station, has grown
through mc.e than 25 years, and made
contributions to Air Force operations, to
technology, and to scientific knowledge out
of all proportion to its size and to the Air
Force investment in its programs. The
broad span of research covered by this
book has a single unifying theme--the Air
Force missions of surveillance, detection.
communications, and iavigation. Although
the impact of a new piece of hardware is
more easily noted, and AFCRL has pro-
duced many in response to Air Force
needs, the most enduring contribution
from the Laboratories may well Ie in the
field of environmental forecasting. Envi-
ronmental research usually fits the classic
pattern of a slowly maturing science-
there are few, if any, spectacular break-
throughs, but nu nerous small improve-
ments in diverse disciplines, each of which
adds its small bit to improvement of Air
Force capabilitv. If environmental fore-
casting is realized to the full extent de-
sired by the Air Force, it will come
through the kinds of research.--electro-
magnetic-atmospheric interactions, optical
and radio astronomy, solar particle emis-
sions, studies of atmospheric composi-
tion, chemistry and density--that engaged
much of AFCRL's atteption (luring the
period of this report.

WILLIAM K. MORAN. JR
Colonel, USAF
Commander
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I Air Force Cambridge
Research Laboratories

The Air Force Cambridge Research Labo-
ratories (AFCRL) serves the United States
Air Force by conducting basic and applied
researm'h to meet known and anticipated
military needs and requirements. This re-
port describes the programs, activities, and
accomplishments of AFCRL for the period
July 1, 1970, to June 30, 1972.

The largest research laboratory in the
Air Force, AFCRL covers a broad spec-
trum of technical programs in the environ-
mental sciences and selected areas of elec-
tronics. AFCRL is an in-house laboratory
with a professional staff of more than 600
scientists and engineers. Its in-house pro-
grams are supported by contractual re-
search in universities and industry.

The research programs of AFCRL are
summarized in the mission statement:
Conducts research in those areas of the
environmental, physical and engineering
sciences offering the greatest potential to
the continued superiority of the. Air Force's
operational capability; conducts specifical-
ly assigned exploratory demelopment effrts
involving tlhe environmntal, physical and
engineering sciences; participates in esto,)-
lishing advanced technologies whose c.plyi-
ration will lead to new Air Farce capabili-
ties.

ORGANIZATION AND PEaIE: On July 1,
1970, AFCRL became part of the Air
Force Systems Command (AFSC), when
its former command, tme Office of Aero-

space Research (OAR), was deactivated.
This organizational change was designed
to make Air Force research more respon-
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sive to military technology and systems Electronic Systems Division of the Air

reqairements. AFCRL became one of 12 Force Systems Command.
laboratories under the Director of Labora- Colonel William K. Moran, Jr., assumed
tories (now Director of Science and Tech- command of iFCRL in June 1971, suc-
nology), Headquarters, Air Force Systems ceeding Colonel Dale J. Flinders. Colonel
Command, at Andrews AFB, in Maryland. Moran came to AFCRL from the position

The main AFCRL laboratory complex is of Commander, Aerospace Research Labo-
located at L. G. Hanscom Field, Bedford, ratories, Wright-Patterson AFB, Ohio.
Mass., 20 miles west of Boston. At Han. Colonel Charles A. Smith, Vice Command-
scorn Pield, AFCRL is a tenant of the er, reported to AFCRL on July 1, 1970.

As of June 30, 1972, AFCRL had an
authorized complement of 1156 person-
nel-981 civilians and 175 officers and air-
men-a decrease of 79 from the work force
in June 1970. Reduction in manpower au-
thorizations led to the abolition of the
Data Sciences Laboratory, at the close of
the reporting period. The continuing labo-
ratories are: the Aeronomy Laboratory,
Aerospace Instrumentation Laboratory,
Ionospheric Physics Laboratory, Meteorol-
ogy Laboratory, Microwave Physics Labo-
ratory, Optical Physics Laboratory, Sacra-
mento Peak Solar Observatory, Space
Physics Laboratory, Solid State Sciences
Laboratory, and the Terrestrial Sciences

Of the 1156 employes at AFCRL, more Laboratory. In addition, AFCRL operates
than 600 are scientists or engineers, and 173 a small West Coast Office to manage
hold the Ph.D. degree. AFCRL support to the technology require-

ments and system developments of the
AFSC Space and Missiie Systems Organi-
zation (SAMSO) near Los Angeles.

In June 1972, 173 AFCRL employees
held the doctor's degree, Z21 held master's
degrees, and 236 bachelor's degrees.

- AFCRL scientists are active in their re-
spective professional societies. One scien-
tist served as Editor of the IEEE Transac-
tions on Antennits and Propagation for
most of the reporting period. Another was
Editor of Applied Optics, and three
AFCRL scientists served as Associate Edi-
tors of the IEEE Transactions on Anten-
nas and Propagation, the Ii, rnal of ('rys-
tal Growth and The Aoon. AFCRL scien-
tists also served as editorial advisors and
referees for various learned journals,
served on professional committees, and
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chaired professional meetings and syrnpo- AFCRL receives much support from
sia. other elements of the Air Force. The Elec-

During the two years of this report, tronic Systems Division, the host organiza-
AFCRL sponsored or cosponsored six tion at Hanscom Field, provides approxi-
scientific conferences. AFCRL scientists mately 400 manyears of support to the
and engineers authored 228 in-house re- laboratory complex. Holloman AFB, New
ports, 567 articles in scientific and profes- Mexico, provides services to the Sacramen-
sional journals, and presented 654 papers to Peak Observatory and the AFCRL Bal-
at technical meetings. These publications loon Detachment No. 1. Funds from other
and presentations are listed at the conclu- agencies are earmarked for specific re-
sion of each laboratory chapter. search projects.

Nearly half of the AFCRL budget dur-
ANNUAL BUDGETS rhe annual budgets ing the reporting period ws spent for

for the two years covered in this report are contract research. Of the $59.27 million
shown in the accompanying tables. The FY-1972 budget, $28.79 million was devot-
indicated totals cover salaries, equipment, ed to contract research. As of June, 30,
travel, supplies, computer rental, service 1972, AFCRL had 459 contracts in effect.
contracts, and those funds going into con- Of these, 160 were with U. S. industrial
tract research. The largest expenditure is concerns, 167 were with U. S. universities,
for salaries which acounted for approxi- and 38 were with foreign universities and
mately $20 million of the FY-1972 budget companies. The remainder were with re-
of $59.27 million. The annual budget in- search foundations and other government
creased from t55 million in FY-1970 to $59 agencies.
million in FY-1972. Contracts let by AFCRL are usually

Funds received from AFCRL's higher mailer than those awarded by other gov-
headquarters, .he AFSC Director of Labo- eminent R&D laboratories, but this is not
ratories (DL), and, to a lesser extent, those the only difference. AFCRL contracts al-
received from AFSC organizations other most always call for work in direct support
than DL, are used to conduct continuing of research carried out within AFCRL.
long-range programs.

'ABLE I

SOURCES OF FY-1971 FUNDS
Air Force Systems Command - DL $42,594,400
Advanced Research Projects Agency 50192,917
Air Force Systems Command Other Thar. DL 2,50 ,526
National Aeronautic& and Space Adm-nistration 2,159,31
Defense Nuclear Agency 2,035,000Air Weather Service 183,699
Defense Communications Agency 700,000
National Security Agency 128
Department of Transportation 121,=5
Army 94,445
Air Force Techn;cal Applications Center 47,000
Air Force Logistics C)mmand 560
Navy 142

rOTAL __________________ $57,117,573
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They are monitored by scientists who are ;~

themselves active, participating research- OM
ers, and who plan the research, organize
the program, interpret the results and
share the workload of the actual research.

AFCRL COMPUJTATION CENTER: A perma-
nent, two-story structire consisting of11 0 0
43,000 square feet was occupied in Novem-
her 1970 by the AFCRL Computation
Center. The AFCRL Command Section,
the Deputy for Technical Plans and Oper-
ations, and the Deputy for Research Serv- IM
ices were also moved to this building at
that time. The first of the Computation "'
Center's two Control Data Corporation
6600 computer systems was installed in
December 1970 Prid the second 6600 was to
he installed in July 1972.

The CDC 6600 systems consist of a mod-A
ular designed multiprocessor operation
with extensive input-output devices, po-
ripheral equipment and communications
equipment. The systems provide remote
batch, interactive graphics and conversa-j
tional capabilities through a network of
approximately 50 remote stations located
within the laboratory complex andl at ofr- The $2 m~illion AFCRL, computer center,
base locations. The decommutation facility c-ompleted in November 1970, and theV
processes data from satellites, rockets, air- AFCRI, CDC-6600 cominuter.

TABLE 2
SOURCZS OF FY-1972 FUNDS

Air Force Systems Cermmand - DL $41,586,000
Advanced Researcl Projects Agency 4A))l,453
Defense Nuclear Agency 4,125,85.3
Air Force Sy-,tems- Command Other Than D)1, 0104,912
National Aeronajtics and Space Administration I .598,049
Air Weather Service 1,3K,480
Atomic Energy Commission 227,510
Dnpartment of Transpoortation 131,474
Nttional Security Agency 91.666
A my 78,(X)0

Ar rvTechnical Appliertions Center 30.001)

TOTAI, _____ 5,_ 262,i07
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craft, baioons and from laboratory data

collection systems, using two sp2cial pur-
pose Honeywell computer systems.

The Computation Center also provides
mathematical analysis and scientific pro-
grammer services and operates a large-
scale analog/hybrid computation facility
in support of simulation studies.

FlW SITS: In addition to the 90 acres
which AFCRL (ccupies at Hanscom Field,
it operates several off-base sites, locally
and at distant locations. The large.t local
site is the Sagamore Hill Radio Observato-
ry in Hamilton, Masuacnuset..s, which in-
cludes two large radio telescopes, one with
an 84-foot dish, the other with a 150-foot
dish. Other local sites are the Weather
Radar Research Facility at Sudbury, Mas-
sachusetts, and a 350-acre Antenna Range
in Ipswich, Massachusetts. A high preci-
sion millimeter wave radio telescope (15 to
100 GHz) is iocated on Prospect Hill in
Waltham, Massachusetts. A former Nike
C,,ntrto Site it, Bedford, Massachusetts,
houed part of the Optical Physics Labora-
tory.

AFCRL has large permanent sites in
New Mexico and California. One balloon
launch facility is located at Holloman
AFB, New Mexico, the other is at Chico,
California. At Sunspot, New Mexico, over-
looking Hoiloman from its 9200-foot eleva-
tion stands the Sacramento Peak Solar
Observatory, pei iaps the most completely
instrumented facility in the world for solar
optical astronomy. Its Vacuum Tower Tel-
escope begar, operating in October 1969.
The Lunar Laser Observatory which
AFCRL had maintained at ML. Te mmon, Two of the larger off-ba.e sites are the
about 40 miles north of Tucson, Arizona, Sagamor-, Hil! Radio Oteervatory at Hamil-
was closed on June 30, 1972. ton. Memi, and the Weather Radar e'acility

at the U S. Army Natick Laborntories An.
The most remote permanent facility is nex in Su:dbury. Mars Sagantore Vil! is the
h.-u Geopole OLservatory at Thule Air site of the 54-foot and 150-foot r:,dio t'ele-

Base, Greenland, which began observa- vope, &% well as numerous am.-ller anter-
nas Several adar s!ws, including a nrF-cialdons in 1958 and has yielded a 14-year weather radar set. are, !oahd at thc Sdb-

continuous record of Arctic magnetic ac- r ,iu.

SJ



tivity, auroral phenomena andionospheric

Goose Bay Ionospheric Observatory at
______________________ Goose Bay Air Station, Labrador, where

studies of a variety of arctic events are
made, ineluding Polar Cap) Absorption ofV ~ high frequency waves.

AFCRL occupies temporary sites on a
number of military installations including
the Fort Churchill, Canada, rocket range;
Fort Wainwright and Eielsor. APR, Alas-
ka; Albrooke APR, Canal Zone; Eglin
AFB, Florida; Travis AFB, California;
Vandenberg APB, California. and the
White Sands Missile Range, New Mexico.
In addition to these military sites, AFCRL
has used other locations on a temporary
basis. Trailers were tranasportedl each year
from Hanscom Field to a five square mile
rield site near Liberal, Kansas, for studiesV of small-scale meteorological phenomena.
Upon completion of these measurements
in the summer of 1970, a lease was nego-
tiated for 15 crsat Donaldson, Minneso-
ta, for the continuation of these studlies.
Eyisting facilities at Roswell, New Mexico,

S and Sioux Pails, South IDakota, comnmer-
cial airports and the Poker Flat, Alaska,

Rage are also used.

Mic~o~ave acousticsl bas miniaiturizedl mnany
cOiflponenfts Above. technician caret'dIlv
traces anti cut- ou, the pattern for an ntr.
digital trariducer. [elow. the finished siw.
of the device can he reahl7A It is less than AI"(RI, has hil inanN istingiined v~iItor4
2 mmn long, anti the dlistance INt%%.'en taps on lIere a lzro'up inc ivuling tho, Hon, Nigel II
the interdligital -qtructure hws. be-en reded( Rown. Mi niste of FAIU'atl(n andi S.9cine
it) a flsw rrIernni of Aus'traia
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RESEARCH VEHICLES: From its permanent designed packages were carried aboard
t)ailoon launch sites in New Mexico and five satellites. Two satellites were exclu-
Caiif'ornia, and from temporary, sites in sively instrumented by AFCRL--the Can-
several other locations, AFCRL launched non Ball 1I and Musket Ball density-meas-
198 large research balloons during the uring saW.liites.two-year period. Of these, 92 were Four research instrumented aircraft--

launched in FY-1971. These balloons car- two NKC-135's and two C-130's--gather
tied test and experimental payloads for data for various projects. The NKC-135's
the Space and Missile Systems Organiza- have been part of the AFCRL inventory
tion (SAMSO), the Defense Nuclear Agen- for more than a decade, and the C-130's for
cy (DNA), National Aeronautics and Space almost as long. One NKC-15 and one
Administration (NASA), the Army and C-130 are instrumented for measuring the
university scientists with military con- transmission, scattering and reflectance of
tracts. AFCRL scientists themselves are, optical radiation in the atmosphere. The
however, the largest users. other NKC-135 is used for performing ion-

The AFCRL balloon group holds records ospheric and associated observations which
for maximum balloon size (34 million cubic take the aircraft all over the world, with
foot volume), maximum altitude reached recent emphasis on the Arctic auroral
(161,000 feet), and maximum payload car- zone. Another C-130 is instrumented for
ried aloft (seven tons) as of June 1972. meteorological observations.
AFCRL scientists are planning an R&D
mission calling for the design and launch THE AFCRL RESEARCH IBSRARY: The depth
of a 47.8 million cubic foot balloon to and quality of the technical collection
ascend to an altitude of 170,00 feet.

During the past two years, AFCRL
launched a total of 83 large research rock-
ets, most of which were fired from Eglin
AFB, Florida (32). Fort Churchill, Canada. .
(11), the White Sands Missile Range, New
Mexico (20), and Wallops Island, Virginia
(14), were also important launch sites. -

Since the launch of its first rocket in Au-
gust 1946-a German V!2-AFCRL has
sent 890 large researph rockets aloft (ex-
clusive of a like number of smaller meteor-
ological rockets), as of June 1972.

Rockets are used to examine almost
every aspect of the earth's upper atmos-
phere and near-space environment--
winds, temperatures and densities; the
electrical structure of the ionosphere; solar
ultraviolet radiation; atmospheric compo-
sition; the earth's radiation belts; cosmic
ray activity; and airglow and aurora. The
rockets most frequently used have been
the Nike Iroquois (NIRO), the Nike Toma-
hawk, the Black Brant, and the Aerobee. The colletin of the AFCRI. Research l..

During this rep)rting period, AFCRI,- brary is valued at more than $15 million

.--- '------
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maintained by the AFCRL Research Li- gary, Italy, Japan, Poland, Russia Pnd
brary is surpassed by few libraries in the Sweden. The collection of Chinese science
country. journals and monographs i3 one of the

Available to AFCRL scientists are the most comprehensive in the U. S. Asstciat-
scientific journals of Bulgaria, C .zhoslo- ed with the foreign periodical colk.:tion
vakia, Holland, France, Germany, Hun- are translation services.



II Aeronomy Laboratory

Aeronomy is the study of the physical and
chemical properties of the earth's upper
atmosphere, a region that extends from
the top of the stratosphere at about 50
kilometers to interplanetary space at sev-
eral thousand kilometezs. Although this

region comprises only about a tenth of 1
percent of the earth's atmosphere, dramat-
ic physical and chemical processes take
place there that profoundly affect the
earth's environment. Some of these proc-
esses are readily visible to the eye, such as
the brilliant auroral displays that predom-
inate at the higher latitudes. Other proc-
esses are invisible but no less dramatic,
such as the vast upper atmosphere motions
caused by energy coming from the sun.

The operation of space vehicles is affect-
ed by the vehicle's environment. To predict
the future position of a satellite, we must
know the density of the atmosphere, not
only at the present moment, but also up to
the time for which we are making th,
prediction. To do thi6, we must know what
the sun will be doing and how this will
affect the earth's atmosphere.

Another area of interest to the Air
Force is target detection. The Laboratory
is actively engaged in measuring certain
radiations that are. emitted by targets of
interest.

Nuclear weapons effects on the atmos-
phere are being studied to determine the
ways in which a nuclear .etonation will
affect the capabilities of communication
and radar systems.

As another example of an application,
we can sometimes modify the upper at-
mosp'.ere for operational purposes. For

F_,- examp!e, the Laboratory has be,,n able, by
Freleasing appropriat, chemicals into th,:

A%_:
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upper atmosphere, to create an artificial excitation, ionization and even dissociation
ionosphere for communication purposes. of atmospheric constituents.
Recently, the possibility of using chemicalreleases as spoofs against anti-aircraft
missiles has been investigated.

The Aeronomy Laboratory is also ac- POLAR ATMOSPHERIC PROCESS
tively supporting the Air Weather Service
Space Forecasting Program. This is being The Polar Atmospheric Processes Branch
done in three areas-atmospheric density, has shifted its primary emphasis during
which was mentioned previously, solar X- the past two years from auroral and air-
rays as indicators of the strength of flares glow research to studies of the physics and
erupting on the sun, and riometer, very chermistry of the Polar Cal) upper atmos-
iow frequency and magnetometer meas- phere and the determination and charac-
urements made at the Geopole Observato- terization of geophysical disturbares
ry at TLule, Greenland, and transmitted to originating in or best studied in the Polar
the Solar Forecast Center in Cheyenne Cap. The approach to the new objectives
Mountain, Colorado. involves determining: the basic parame-

To be abie to meet these needs of the Air ters of the ambient Polar Cal) upper at-
Force, personnel of the Aeronomy Labora- mosphere, the energy input to and output
tory are studying such basic parameters of of the Polar Cap atmosphere, and the
the upper atmosphere as density, tempera- effects of disturbance phenomena on the
ture, pressure and composition. Under ambient atmosphere and energy balance.
composition is included the number of A systematic approach is being used be-
atoms and molecules that are present, cause a variety of conditions can produce
whether they are electrically charged or the sporadic and inhomogeneous perturba-
neutral, wh.ther they are in the ground tions which affect communications, warn-
state or in excited states and what the ing and detection systems. The program of
transition probabilities are in going from measuring the altitude profile of the green
ene state to another. line atomic oxygen emission at mid-lati-

These atmospheric constituents undergo
various dynamic processes. For example,
winds in the upper atmosphere can be
quite strong, sometimes of the order of
several hundred kilometers per hour. In
certain regions there is strong turbulence;
in other regions turbulence is weak and '
molecular diffusion predominates.

The atmospheric constituents are con-
stantly undergoing various chemical reac-
tions. Among the reactions being studied
are ion-electron recombination, ion-ion re-
combination, electron attachment and de-
tachment, ion-neutral reactions and neu-
tral-neutral reactions.

The unu.ual phenomena of the polar atmos-
The properties of the upper atmosphere phere offer s key w' the understanding of

are also affected by energy from the sun. many atmospheric proces.&es. AFCRI, main-
For example, the solar ultraviolet and X- tains its Ceopole Obieratory at Thule.

Greenland, which is only a short distance
raidiation which are heing studied cause from the gcomagnetic pole
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two such events have received considera-
ble attention on an international scale,-
those of November 1969 and March 1970.

• : Contributionq to the understanding of
~. ... n these events were made by branch person-

nel using data from Geopole.

OPTICAL MEASUREMENTS OF THE NOVEM-
BER 1969 PCA EVENT: In 1970, a specialized
electro-optical microdensitometer system
for analysis of the optical measurements
made during the "PCA 69" Program was
delivered and an evaluation program insti-
tuted. Initially, measurements at Geopole
during the November 1969 period corre-
sporiding to the "PCA 69" intensive rock-
et-borne measurement program at Ft.

VLF receivers at Thule monitor signals Churchill, Canada, were evaluated. These
from many transmitters in the mid-lati- results complemented other AFCRL opti-
tudes. VLF transmimsions are very sensttive cal measurements made from a KC-135
to ionospiric disturbances. Riometers
measure galactic noise at 30 MHz, which flying laboratory, providing a combination
allows a determination of the amount of of temporal-spatial coverage during the
absorption occurring in the arctic iono- crucial first 24 hours of the solar particle
sphere. event. Other research has shown that the

tude regions has been continued because total energy input from polar particle flux-
the methods being developed and validat- es which are enhanced during the solar

ed will be used in the Polar Cap region. particle event can be estimated from
measurements of ionized molecular nitro-

OBSERVATIONS OF POLAR ATMOSPHERIC gen optical emissions. During the second
PHENOMENA: Most of the observatiui and third day of the solar particle event
made by the Polar Atmospheric Processes the results calculated from the optical in-

tensities agreed within 10 percent with
Branch are made at the AFCRL Geopole satellite measurements of polar particle
Observatory, at Thule AB, Greenland, lo- fluxes. This indicated that optical measure-
cated near the North Pole of the dipole ment. could be uindic at s an conomical,

geomagnetic field. The station is equipped convenient, ground-baoed monitor of polar
to make optical, ionospheric, and magnetic particle fluxes.
measurements. A real-time data link is
maintained between the Geopole Observa- VLF MEASUREMENTS AS PART=CLE DETEC-
tory and the Solar Forecast Center in TORS DURING THE NOVEMBER 1969 PCA
Cheyenne Mountain, Colorado. EVENT: Very low frequency (VIF) radio

The Geopole Observatory is uniquely sit- wave propagation has been found to be a
uated for the study of solar particle events very sensitive terrestrial means of detect-
since the magnetic field lines extend to ing disturbances of the ionosphere. It is
great distances and effects of the magne- gewrally accepted that VLF waves propa-
totail and/or the interplanetary field are gate in a spherical waveguide bounded by
observed. This is particularly true during the earth's surface and the lower iono-
the Polar Cap Absorption (PCA) events sphere, the D region. Tinder normal iono-
which follow some solar flares. Recently, spheric conditions the upper boundary of
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the waveguide is at 85-St) kilometers dur- During the solar partizle event an Air
ing the night and at approximately 70 Force satellite (OV5-6) outside the magne-
kilometers during the d ty. During dis- tosphere directly monitored the flux of
turbed conditions this upper boundary can electrons and protons. Data showu that
be as low as 50 kilometers, because of electronr were first deiecuid by the satel-
increased ionization at low altitude. With- lite at the same time as ionospheric dis-
in a few minutes of a solar flare, VLF turbances were detected by the VLF re-
paths in daylight are disturied by the ceivers. This arrival of electrons outside
increased ionization in the D rngion due to the magnetosphere at about the same time
X-rays. About one hour later, paths both in as they arrived in the ionosphere over the
daylight and dorkness can be affected by pole was unexpected, and it proves the
the ionization caused by the arrival of exi3tence of a rapid and efficient transfer
protons and electrons. Because of the influ- between particles traveling along inter-
ence of the earth's magnetic field, the planetary field lines and the D region in
great st flux of solar particles into tht the polar regions.
upper atmosphere is in the polar regions. By monitoring many VLF stations, the
Thus VLF transmission paths which cross AFCRL Geopole Observatory near the
the polar caps are the first affected and the geomapietic pole can detect the presence
most strongly affected by the precipitating of iono:,pheric disturbances caused by par-
particles. By monitoring these paths, dis- ticie precipitation in polar regions. From
turbances of polar regions can be detected. an understanding of the VLF effect pro-

The sensitivity of VLF as a particle duced by natural ionization sources it is
detector w.s demonstrated (luring the No- possible to predict the effect on VLF com-
vember 2, 1969 solar particle event. At munications of man-made ionizsiion dis-
that time, VLF transmission paths were turbances such as nuclear detonations.
monitored at the AFCRL-operated Geo-
pole Observatory at Thule, Greenland, and OPTICAL MEASUREMENTS OF THE MARCH
in Switzerland. VLF paths in daylight 1970 PCA EVENT: Observations of the be-
were disturbed by solar X-rays at 0945 UT, nav;or of visual M.'ae and of optical
a few minutes after the solar flare; howev- emissions in regi,.. nc the geomagnetic
er, nighttime paths were not affected by pole have shown distin-t differences from
the X-rays. Disturbances on these paths the behavior in the auroral zone and even
were recorded at 1034 UT indicating that from that in regions intermediate between
particle precipitation was beginning to auroral zone and magnetic pole. In partic-
cause ionization changes over the polar ular, the polar glow aurora is associated
regions. Riometers (Kelative Ionospheric with polar cap absorption events in which
Opacity Meters) did not detect the pres- the sequence of the intensities of the 0 1
ence of any ionospheric dis.-bance until and " emissions follow that of the PCA.
about ten minutes later. Sinice no polar- The period from March 6-10, 1970 was one
orbiting satellite data were available at in which a moderate PCA event occurred,
this time, VLF provided the only record of and the optical emission data fr. m a high
the onset of the ionospheric disturbances. latitude station such as Thule AB were
The amplitudes of the signals received at thus of interest.
the AFCRL Ge, p6,Je Observatory were The pIriod precedi,.cr March 6-10 was
strongly atteruaied (luring the particle one of 'ruch acti, ity, "otn solar and mag-
precipitation and the signals did not fully neti,', o that thc.: atti bu'lik, of effects to
recover to normal levels for nine days sp cifi: causs is diffic 1... However, an
after the initial di3turbance. effcc'. of the Polar Cap t* "ption event, a

-I



possible effect of a solar flare, and the 114

presence of luminosity fluctuations with
time intervals similar to those previously S '0
observed in the auroral zone were noted. 10.

A moderate Polar Cap Absorption event
began between 1025 and 1100 UT on i'Jz
March 7 and lasted two days with a maxi-

ys wih a axi- 98mumi riometer absorption of the order of 5
dB. [n addition a geomagnetic storm of [
unusual intensity and short duration be-
gati at. 1417 UT on Marcha In spite of the I
short duration of the PCA, the twilight
conditions over much of the observational 80 12

period, and the overall disturbed character ATOMIC OXYGEN (cI.7
3
)

of the period, it was possible to monitor Atomic oxygen concentrations with altitude:
thi. course of the PCA by means of optical Bands R and C are from [0 1] 5577 Ang-
of.4ervations. The observed intensities strom observations on the basis of the Barth

and Ciapman mechanisms respectively, 0 iswere low, indicating a low particle flux, from CIRA 1965 model atmosphere.
consistent with the moderate character of
th'. PCA shown by the riometer records. ducted travel from the oval, and to com-
The optical intensities measured on the 8th pare these with the luminosity fluctua-
ard 9th, taken together with tLe riometer tions.
absorption, indicated a considerable sof-
tE ning of the energy spectrum from the 0 (IS) LIFETIMES AND HEIGHTS FROM PUtL-
8tb to the 9th. SATING AURORA MEASUREMENTS: The time

The largest solar flare during the pe:riod delay between the forbidden optical radia-
occurred on March 7. The 6300 Angstrom tion of the oxygen green line (5577 Ang-
and 5577 Angstrom photometric records stroms) and the allowed optical radiation
sh,)wed an intensity increase occurring of ionized molecular nitrogen (3914 Ang-
wi ,hin one minute of the solar flare maxi- stroms) in pulsating aurorae was analyzed
m, m. Although similar increases are also as a function of the frequency of pulsa-
ob erved in the absence of flares, a search tions. The time delay is a function of the
fo flare-connected increases of intensity is I'adiative transition probability and the
of interest. collib, nal deactivation probability of the
It has been proposed that periodically green line. The effective lifetimes were

structured Pc 1 micropulsations originate calculated from Ohmholt's equation, and
outside the polar cap and travel in an F- by using known values of the quenching
la;,er horizontal waveguide Other work coefficient and number densities from a
has shown that for polar substorms, at standard atmosphere, the mean lifetimes
least, no persistent relationship is found were related to the heights of the pulsat-
between Thule (Qanaq) micropulsations ing aurora.
and those in the auroral oval. It has also
been proposed that some types of micro- OPTICAL MEASUREME7I7 OF THE GREEN
pulsations originate mainly on polar cap UNE ATOMIC OXYGEN EMISSION: One of
field lines or in the polar ionosphe-. The the important constituents of the upper
period March 6-10 1970, provides a good atmosphere is the atomic oxygen in the
opportunity to separate the possible sour- altitude region of 80 to 120 kilometers. An
ces, whether from polar fitld lines or by attempt was made to develop a simple

A
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procedure of measuring the altitude profile CONTINUU(C)
of the atomic oxygen green line emission ,6oF - ----. r
and comparing it with the simultaneous J -ASCENTDE SCENT
independent measurement of atomic oxy- ,0
gen by other workers for checking the
validity cf the method. The other simulta- I
neous independent methods used for deter- 1o [
mining the at';mic oxygen were: 1) chemi-
luminescence of nitric oxide, and 2) mass ,9
spectrometer chemical technique. The p -
cedure would enable one to: 1) deter. e •
the predominant chemical process respon- 80o

sible for the emission (Chapma. and/or
Barth), and 2) once the predominant proc-
ess and the rate coefficients are known, the 6oL .. _ .0.....0.40....200 40 0 40 80X Q O ISO 00040 80 120

simple and straightforward measurement BRIGHTNEiS N RtYEIGHS
of this emission could be used for deter- 4a Integrated etrision mreaured by a rveket
mining the atomic oxygen at any latitude. photometer: A) continuum brigh-new for
So far there has been only partial success. 5577 angstrom filter as determin, J from
The airglow measurements indicate that that for a 5530 angstrom filter; N) total

for brightness from the 5577 angstrom filter; C)the Chapman mechanism is dequate fr [0 1] 5577 Angstrom green line emission
explaining the emission. As yet the simul- computed as the difference between B and
taneous measurements by independent A.
methods have not resolved the problems also shows a good correlation with the
because there have been partial failures of recurrence of the phase of the solar cycle.
at least one of the methods in each of the The method of analysis is equally valuable
cc-izinated attempts. to the study of the polar region, where

additional information 3n particle bom-
(0 I) 6300 ANGSTROM AURORAL EMIS- bardment is now available from satellite

SION$: Auroral emissions are due to the observations and also from ground iono-
bombardment of the Lipper atmosphere by ,pheric observations.
incident electrons, protons, and particles of
extra-terrestrial origin. The polar cap, au-
roral zone and, during severe magnetic A'(MOSPERIC STRUCTURE
storms, even the mid- and low-latitude
regions exhibit auroral activity. One of the The Atmospheric Structure Branch uses
auroral emissions is the (0 I) 6300 Ang- three major approaches to investigate the
strom line emission. The spatial and tem- upper atmosphere. The first is to make in
poral variations of this emission, iti de- situ measurements of structure parame-
pendence on solar and magnetic activity ters by flying instruments on rockets and
and also its dynamic movement were stud- satellites. The second is to develop compre-
ied from the auroral observations from a hensive theories and models of the proper-
mid-latitude station--AFCRL's Solar ob- ties of the upper atmosphere. The third is
servatory at Sacramento Peak, New Mex- to make laboratory measurements of the
ico. These show a movement toward the rates of chemical reactions which are im-
equator and also an increase in the (0 I) portant in the normal and disturbed at-
F300 Angstrom emission with an increase mosphere and which rates are required for
in magnetic activity. The aurora! emission theoretical structure computations.

_ _ _ _ __ _ _ -
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ROCKET MEASUREMENTS: Data reduction have a requirement for in situ density-
and analysis has been completed on neu- temperature data to be used in further
tral density and temperature results ob- quantitative studies and analyses.
tained at Churchill Research Range, Cana- Neutral density and temperature results
da, during the solar proton event (PCA) of obtained at Eglin AFB, Florida, during the
November 2-4, 1969. Density data obtained total eclipse of March 7, 1970 were ana-
from a rocketborne falling sphere payload lyzed and pre,;ented at the International
launched on November 3 at 0042 hours LT COSPAR Eclipse Symposium held at
following commencement of the PCA Seattle, Washington, in June 1971. The
event show pronounced density oscilla- most dramatic results were observed in a
tions. Unusually large density oscil!ations comparison of temperatures determined
have been observed previously by satellites from density measurements made near to-
(LOw G ACcelerometer Satellite (LO- tality (1310 hours LT) and fourth contact
GAGS) aad OVI-15) following a proton (1425 hours LT). Small, but measurable,
event or intense auroral disturbance, but differences were observed between the two
this was the first time that similar nhe- sets of data At the levels of the meso-I? nomena were reported at sounding rocket pause (90 kilorti,.ters) and stratopause (50
altitudes. The temperature results deduced kilometers). the fourth contact results

from the sphere densities also showed an were warrmer than thos,, corresponding to
temperatures relative to the model atmos- ly. Because a total solar eclipse shuts off

pheres used for comparison. Temperature the ene-iy input from *he sun, it might
data obtained at 0632 hours LT on Novem- cause a temperature dec ease in the shad.
ber 3 showed oscillations of decreased am- owed portion of the atmosphere. When the
plitude, and near normal conditions were solar radiation strikes the atmosphere
ooserved in data obtained at 1708 hours again, its temperature tends to increase.
LT. These results have becn made availa- This effect is especially noticeable near 50
ble to other PCA 69 investigators who kilometers where ozone absorption of solar

ultraviolet radiation causes heating. How-
ever. with only one such set of measure-
ments, it is not possiole to be sur- that this

-"'...,,, ~is an eclipse effect. It is possible that the
IO- , , variation was partly or entirely due to a

E sP-ER " .. " ......... meteorological short-term variation.

E ,, EJECTION . . " Another measurement was made by an
•,...AFCRL 10.inch falling sphere that was

P launched near first contact (1151 hours LT)
z. during the March 1970 eclipse. This new

10-inch sphere was instrumented with a
1(;9 triaxial MICRO-G accelerometer, which

was at least two orders of magnitude more
10- 40 sensitive than the omnidirectional acceler-40 50 60 70 80 90 10050OMETRI 60 80 90 00 ometer used in the 7-inch spheres. Results

GEOMETRIC At.TITUOE(km) obtained up to about 145 kilometers show

near normal conditions.
Density profile measured by 7-inch falling Two sounding rockets instrumented to
sphere at Fort Churchill at 0042 hours CST meu
on November 3, 1969, following commence-

ment of a Polar Cap Absorption event. during and aft,- the solar proton event of
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ly. Species such as H2 0, NO, 0, and H are
10... intimately tied to the 03 photochemistry,

,M.XECtLf ,IMRATURE and the assumed turbopause altitude, forIO :_ " VS
"E 'CMTF ALTITU E example, will significantly affect the 03

ECLIP -TO distribution. Further measurements uf this
.. EGLIN GULF TE$I RANG

8 - FLORA SItE 0- type, in conjunction with certain other
?o. " S OS STA',ARO A * OSPHEIF critical quantities such as O.(IAg), and

S.JPPLEMCNTS.1986_o~-- 30 N ... ANoUARY, total density will further help to deter-
so - CIA 79 UON* MARCH "'

-* G V C°ROVES) mine the source of the discrepancy be-
0. So- . tween the models and the observations.

•SR ER G79• Two rockets were fired near totality and
.i.-..- M t mARCH We 1e0 dRt EST

, MARCH 9970 14Z , RS rST at last contact of the solar eclipse of March
7, 1970 to measure changes in 02 and 03.

,90 co P10 .1r, Z.3C 2,0 1u !62.)-1 '.9 y 5* 0 Negligible changes were observed in the
MOLECVCAR 'AEY.AE K) 0 O2 distribution from 70-90 kilometers and

in the 03 distribution below 60 kilometers.
It is quite likel3 that the 03 distribution

Molecular-scale temperature profile, derived changed above 60 kilometers. The only
from 7-inch falling sphere measurements at photochemical
Eglin during the total solar eclipse of March
7. 1970. ior of ozov, at these altitudes predicts

measurable effects below 60 kilometers.
The difference between our observations

November 2,1969 from Ft. Churchill, Can- and the theory is believed to result from
ada. The ozone distribution was found to the failure to incorporate th. interaction
be profoundly affected by this disturbance. of 03 with nitrogen and hydrogen com-
A decrease in density was observed 'n pounds in the photochemical model.
November 2 (7 dB absorption at 30 MHz)
relative to November 4 (2 1/2 dB absorp- . .....

tion at 30 MHz) at all altitudes from 50 to EXPERIMENTAL AND THEORETICAL

80 kilometer-. This decrease amounted to a OZONE POFt ES (WINTtR, 60 N, SUNIV T)

factor of 2 at 54 kilometers, 3 at 60 kilonie-
ters, and 4 at 67 kilometers. This effect is

contrary to predicted ozone enhancements o-doting certain types of particle precipita- -.

tion events and shows that our under- - -
standing of the complicated photochemis-
try of ozone is still quite incomplete.
The high latitude ozone distribution on Go 60. PHOTOCHEMICAL-

TRANSPORT MODELS

November 4,1969, believed to be typical of - -- XNIS,, ET AL (1971)

undisturbed conditions, was found to be --- S4,MAZAKI AND LAIRo (1971,

somewhat less than that represented by EERIMENTAL hi9?
... WtFEKS E.T AL (1971)

the most recent photochemical-vertical so I' .I~ I, ,. .

transport models, especially in the vicinity ,o? !0
of 50 kilometers. The (lifference3 between NUMBER DFNSIT .
experimental results and recent models
provide valuable clues to certain critical
parameters used in the models, some of Oone profle measured at Fort Churchill at

suniet an November 4, 1969, compared with
which are presently not measurable direct- the)rtical profile.
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OVI-15 ACCELEROMETER DENSITY DATA density was 15 percent less than the densi-
R-V 358 06 AUG 68 ty at 45 degrees South. Also, a longitudinal

150 180 170 430 190 200 210 220 230 240 250-1.o, .,, variation was revealed at high southern
-32 latitudes, with larger density values occur-

02 -. .ring in the vicinity of the south geomag-
netic pole. This finding indicates that local-

-. - . ..... ... ized heating takes place in the polar region

I.3 ", even during quiet conditions.t - New characteristics of the semiannual

.................... .. variation in atmospheric density were also
found. Present models show this effect to

614 .1 fond m4 e
50 W 171 180 10 200 3 2 ,0 2 2 0 2 be worldwide with maxima and minima

r.E (KM) appearing on the same date at different
latitudes and altitudes. However, compari-

Density results from the accelerometer on son of OV1-15 accelerometer data taken in
satellite OVI-15 during revolution 368 on
August 6, 1968, exhibiting wave structure at July and September 1.968 indicate that the
high latitudes. Circles indicate data obtained semiannual variation occurred at middle
between the North Pole and perigee; crosses latitudes before occurring at high lati-
indicate data obtained betwen perigee and
34 degrees North. tudes. Also, below 200 kilometers the am-

plitude of the smiannual variation was
STELITE MEASUREMETS. Results from considerably greater than model predic-

the accelerometer experiment flown on the tiois.low-orbiting SPADES satellite (OVI-15) The Cannon Ball II and Musket Ball

have revealed new information about the S-tellites were launched in August 1971.
nature, of neutral atmospheric density var- Considerable accelerometer drag data
iations. Wave motions were detected in were obtained from Cannon Ball II and
density profiles obtained in the Northern orbital drag density data from both satel-
Hemisphere during a period of moderate lites before their re-entry.
geomagnetic activity. This wave structure Results obtained from satellite-borne
was most predominant near the north geo- ionization gauges have been processed and
magnetic pole. An example of wave mo- analyzed. Data analysis of gauge measure-
tion measured on orbit number 358, Au- ments made during the first half of 1968
gust 6, 1968, when perigee was at 62.1 has produced direct measuremecnts of the
degrees North is shown. The amplitude of semiannual effect. This effect, origivally
the waves showed a latitudinal depend- detected by the indirect satellite orbit de-
ence, with higher amplitudes occurring at cay method of atmo3pheric probing, is a
higher latitudes. The observed wave phe- persistent and worldwide feature of our
nomena are probably atmospheric gravity atmosphere. Gauge measurements of the
waves generated by energy deposited into effect were obtained over a circular orbit
the auroral atmosphere during a magnetic at an altitude close to 400 kilometers, dur-
storm. ing daylight hours and over equatorial and

Data were also obtained in the Southern middle latitudes. Gauge results are in good
Hemisphere during a period of very low agreement with the most recent values
geomagnetic activity. These measure- obtained from the satellite drag tech-
ments, nipe near the vernal equinox, niques and, in addition, have provided a
showed a latitudinal density gradient with finer resolution of the semiannual effect
lower dc:nsities at the higher latitudes. At than had previously been obtainable.
220 kilometers, the average high laitude Two density gauge systems were as-
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signed to Air Force Sydtems Satellites for studies have been completed for Air Force
flight as secondary payloads. The two den- agencies having mission requircments in
sity measuring systems were designed and ths area.
fabricated. The sensors were cold-cathode
ionization gauges designed for installation THEORUtICAL AERONOMY: The space-
on a satellite boom which is erected after time distributions of certain major and

orbit is obtained. Due to a change in mis- minor species in the upper atmosphere
sion requirements, the flight of the instru- have been theoretically shown to be de-
ment on Systems Test Program 71-4 was pendent upon transport properties, such as
postponed. The second instrument was turbulence, molecular diffusion and winds.
flown on Systems Test Program 71-5. Due A set of calculations of coupled time-

to a partial boom malfunction, only limited dependent equations of motion and conti-
data were obtained. ruity which utilize transport coefficients

Two of the three sets of major models based upon measured turbulent and molec-
recently adopted by COSPAR for publica- ular parameters has been performed. The
tion as the COSPAR International Refer- results of the calculations for 0, 02, 03,
ence Atmospheres 1972 were developed by OH, H, H2, H20, H20 2 and A, for 30

the Laboratory. These included the season- degrees North equinox and 60 degrees
al and latitudinal models of density, tern- North winter conditions, arc compared to
perature, pressure and winds for the alti- in situ measurements, demonstrating good
tude range 25 to 110 kiometers and the correspondence where da.a are available
mean CIRA. The mean model is for the over the altitude range 40 to 150 kilome-
altitude region 25 to 500 kilometers and ters. The control by turbulence of the A,
containts values of density, temperature, H2 0, 112, 0 and 02 distributions is demon-
scale height, pressure, mean molecular strated in the calculations by varying the
we'ght and concentrations of major con- turbopause between obse-ved limits. This
stituents, plus expected extreme ranges of variation ma:-kedly changes the fl'jx condi-
density and temperature. 61u.s of these species and subsequently

The prediction of satellite orbits is par- their ipatial and temporal distributions.
ticularly sensitive to the (tensity variabili- The other suczies of these water vapor-
ty )f the atmosphere. A major require- oxygen calculations are photochemically
ment is to provide operationai systems tied to Lxygen and thus their distributions
with the most accurate possible density are also changed.
models of the upper atmosphere. In con- Certain of the species, such as 03, show
junction with model development pro- mixed phftochemical and transport con-
grains, atmospheric density models are be- trol. For example, in the altitude region 40
ing tested at AFCRL by their performance to 70 kilometers, ozone is transport con-
in predicting satellite ephemerides. The trolled at night, but during the day photo-
Atmospheric Structure Branch has devel- chemical processes dominate. The effect of
oped a computer program capable of utiliz- transport at night causes ozone to be dis-
ing and evaluatirg various atmospheric placed from the photochemical distribution
(tensity models to determine their relative by a factor of 2 to 3. The midnight meas-
effectiveness in terms of speed and accura- urement of ozone at Woomera, Australia,
cy in ephemeris prediction. Th% objective is (30 degrees South latitude) confirms this
to determine which of the currently avail- shift from the photochemical distribution.
able atmospheric density models best The results of theoretical computations
meet- Air Force requirements for use in with turbopause altitudes (the highest alti-
satellite orbit prediction programs. Two tude at which turbulence exists) of 40, 94,
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'~r r n I shown that the decay of this mean density
LAMOOEN gradient with time causes the observed

"'k I' K10 94 fSNTRL 0$1 decay of the contaminant spectrum while
-MENDE\ the turbulent velocity field remains invari-

II0[ The simultaneous measurements of

w N 1 wind velocity and temperature between 30
a I) - and 90 kilometers at several latitudes al-
.- I-, 4 lows the determination of a criterion of

-r- atmospheric stability, the Richardson
number, as well as an estimate of the rate
of local turbulent dissipation as a function

801- of latitude. If the critical value of theF Richardson number of unity or even one-
70L - half is accepted, then analysis of the above

AT081It, OXYGE.N CONCENTRATION (CM', parameters shows that the winter north-

Atomic oxygen concentrations computed us- turbnt wopeitetimateis theein
ing photechemical-transport tehniques, tublnwiheim esotehaig

with turbopause altitades at 112, 1,02, 94 and rates often exceeding 105~ ergs/gm sec inI
40 kmn in succession, compared with experi- narrow layers and at altitudes as low as 50
menta! resuha. The curve with the turbo- kilometers. This contrasts with the sum-
rived from airglow measurements. mer northern atmosphere~ ,hich is less

turbulent and has lower heating rates.
102 and 112 kilometers in succession are The resulLs for the mid-latitude (38 de-
shown. Teresult3 obtained when the tur- grees N) sugg .st a narrow region of turbu-
bopause is assumed to be at 94 kilometers ------- ----------

agree well with the 0 profiles derived fromI
AFCRL aii glow measurements and from -0measurements with a rocl'et-borne silver '

surface by NOAA, Boulder, Colorado. to L 'WIs31.D'o

Analysis of turbulence spectra, deter- R9. ~
mined from photographs of chemical re-
leases in the upper atmosphere, and appli- i "o

cation of the theory which predicts the 4 ,
observed spectra, will result in the deter- 0-.0 W5Ti. 13AUR *V 0Js6t

mination of local rates of turbulent dissi- 74 RORE' isj 1 vooomi

pation and thus the intensity and the dif- Y -~ OXE' $)AM-2C99 i~W in~ "WST

fusion and conduction coefficients of the ' us~Z STAW." ISt-q sotSI

observed turbulence. The present results I~~wue
of this investigation show that there is a
small inertia-like (--5/3) subrange of the 0
spectrum limited by viscosity at scale sizes L -

of the order of 10 to 50 meters, and with ' 05*

the large scale eni of the spectrum having PERCC( DEP.RTO5ES

a (--3) relation, which does not indicate a Temperatuzre departures from the 1J. S
buoyancy subrange hut rather the 'lom*.- Standard Atmosphere 1962, derived from 7-
nance of the spectrum of the mean density inch aling sphere measurements at White

distribution. It Eas been conclusively turei .aieRne xiiigwv tc

i L [I
-!



lence above 80 kilometers present about 50 measured in the D region. It appears that
percent of the time and with heating rates ionization of NO by HLy alpha would
which are not as large or -xtensive as provide enough electrons, but the transfer
those of the northern and equatorial lati- mechanism NO' -- oxonium ions is un-
tudes. The equatorial data suggest inten- known. The sequence NO' -- NO' -H20
sive turbulence occurring quite often, close -, NO' - NO* H2 0 --. HsO + may pro-
to a fractional occurrence of unity. vide the answer if all the necessM proc-

At all latitudes there quite often occurs esses are sufficiently rapid.
a region of marginal stability (R, - -Z 1)
slightly above the stratopause, which could LABORATORY MEASUREM04TS OF REAC-
be a source or enhancement region for TION RATES: Several reactions of ions with
internal gravity waves. Plots of AFCRI, 7- neutral molecules are im, ortant in the
inch falling sphere data show that such properties of the normal and perturbed
waves propagate through the mesosphere. atmosphere. Both positive ari negative

A simple expression has been derived for ions are of interest, extending in complex-
the elevation error of a radar beam as a ity from simple atomic species, e. g., O+,
result of ionospheric refraction. A spheri- 0, to such polyatomic species as H+

cally symmetric ionospheric model was as- •4H 2 0 and COZ. The double mass spec-
sumed. The formula is based upon equa- trometer systems used in much of this
tions in the literature which express the research permit measurements of ion-neu-
refraction due to a fiat earth and the tral reaction cross sections and determina-
angular deviation at infinity caused by a tions of reaction mechanisms in the range
spherical earth. of interaction energies from a few tenths

Studies of the nighttime lower iono- of an electron volt (eV) up to several
sphere during PCA conditions have ted to hundred eV.
the conclusions that electrons are. lost by In a weakly ionized gas, such as the
attachment to 02 (forming O) below 75 earth's ionosphere, reactions which con-
kilometers at night and that no detach- vert positive mgnatomic ions (O+, N+) into
ment occurs. The attachment rate decreas- diatomic ions (Or, NO + , N) are impor-
es in proportion to the square of the densi- tant because of the relatively large rate at
ty. Thus attachment becomes less impor- which diatomic ions recombine with elec-
tant above 75 kilometers. Furthermore, trons, thus leading to decay of the charged
atomic oxygen is abundant above this alti- particle number densities. Cross sections
tade at all times, further inhibiting nega- for several such conversion reactions have
tive ion formation because 02 + 0 - 03 recently beer; measured. One of these is
+ e is a rapid process. the process: N+ + N2 -* N2+ N, which is

Computations of the electror and posi- endothermic by 1.03 eV and exhibits the
tive ion chemistry during a PCA are in fair expected threshold in the cross section at
agreement with the experimental data. about this energy. Studies of the kinetic
However. it is believed that photodetach- energy of the product ions have shown
ment rates for species such as CO, COS, that there are two distinct groups of Nq
N0 and hydrated negative ions are need- products, corresponding to electron trans-
ed because too few electrons are calculated fer from N2 to N+ in the one case and to
in the 50 kilometers region, where these nitrogen atom transfer from N2 to N+ in
ions are abundant, in comparison to the the other. Jndirect evidence was also ob-
measurements. tained suggesting the formation of N in

There is at present no explanation for an excited electronic state (the so-called
the existence of oxonium ions (H2n 4 10,) B state) at interaction energies above

-.- ±--.*tf
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4 eV. The production of excited states in by direct absorption of solar energy and by
aeronomic reactions is important both be- turbulent energy dissipation. A versatile
cause of subsequent collisional processes technique for understanding and forecast-
which may occur (it can result in faster ing the dynamics of this region is the
conversion of species) and because such observation of the reactions, motion, dissi-
states are responsible for the optical r.dia- pation and spectral histories of chemicals
tion frequently observed in the perturbed injected from rockets.
atmosphere.

Of the several negative ion-neutral reac- ATMOSPHERIC STRUCTURE FROM CHEMI-
tions which have recently been studied, CAL RELEASES: Chemical releases in the
one of the more interesting processes is lower thermosphere are useful to obtain
O- + H2 0 = OH- + OH. This reaction is geophysical data on diffusion coefficients,
endothermic by a few tenths of an electron temperatures, winds, wind shears, densi-
volt, and its cross section increases rapidly ties, turbulence, and atomic oxygen densi-
with increasing interadtion energy, as ex- ties. Trimethyl aluminum (TMA) has prov-

pected. When isotopically labeled oxygen en to be a specially versatile chemical. It
ions (180-) are used as the reactant spe- can be released as trails or puffs which are
cies, both labeled and unlabeled hydroxyl fluorescent at twilight and chemiluminous
ions ( 18OH- and OH-, respectively) are at night. Winds are measured by recording

observed as products. The labeled ion prod- the changes in cloud position as a function
uct may be looked upon as resulting from of the time, while diffusion coefficients can
transfer of a neutral hydrogen atom from be obtained from the cloud's rate of
the H2 0 to the 18O- The unlabeled OH- growth. During twilight the spectral in-
results from proton transfer to the 180-, tensity of aluminum oxide fluorescence
which gives neutral 18 0H and leaves permits determination of the temperature
16OH-. Velocity analysis of the product of the ambient atmosphere. When diffu-
ions confirms this interpretation of the sion coefficients and temperatures are
repetion mechanism. The kinematics of known, one can utilize familiar gas-kinetic
these processes are such that at the high relationships to deduce atmospheric densi-
interaction energies possible in a per- ties.
turbed atmospriere, 0- ions can be con- Diffusion, temperature and density were
verted to OH and OH, and both the measured in the 120-180 kilometer altitude
charged and neutral hydroxyl species will region at different seasons and times using
be energetic and able either to radiate or data collected in experiments performed
to react further with the ambient species. (luring 1968-1972 at Ft. Churchill (59 de-

grees North), Canada, Hawaii (22 degrees
North), and Eglin AFB, Florida (30 dc-
grees North). The Eglin releases include

UPPER ATMOSPHERE CHEMICAL RELEASES the very successful ALADDIN I and II
and HAVE GENIE experiments. The

Concentrated efforts during the past two ALADDIN I experiment was carried out
years have further refined chemical re- on November 20, 1970 to determine
lease techniques as a tool to measure and Atmospheric Layering and Density is-
interpret the dynami. properties of the tribution of Ions and Neutrals. The pro-
mesosphere and lower thermosphere gram mewsured vertical profiles between
There are marked changes of temperature 70 and 150 kilometers altitude of total
and composition with height in this region. neutrals, ions and electrons, individual spe-
It is pertur .o by tidal and gravity waves, cies, temperature, density, diffusion coeffi-
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cienw, horizontal winds and turbulent

structure. The simultaneous observation of . ., -

different parameters :n the upper atmos- . .- ,"
phere makes it possible to define their ."
interrelations and to test computer code
models of these interrelations. All meas-
urements were made in a 13-minute period
(1722-1735 CST) with a local solar depres- ,

sion of 8 to 10.5 degrees. ALADDIN II was .s -
carried out on April 12. 1972. A total of 17
rockets were flown in an 11-hour period
from evening twilight, through the night,
to morning twilight. This series of rocket
flights combined chemical releases, mass
spectrometer, falling sphere and other ex- TIME AFTER RELEASE

perimental techniques to measure winds, 12660C 226 see

temperatures, density, composition and
structure of the upper atmosphere. In ad- These isodensitraces show the diffusion
dition, a series of experimental chemical growth of two diborane puffs at 117 and 122

releases was performed, including nickel

and iron carbonyl, lithium at E-region alti- minum oxide temperatures in the 130-180
tudes, and trimethyl boron. The HAVE kilometer region are lower than predicted
GENIE experiment (Geophysical Experi- by atmospheric models; they appear to
ments for Neutral species in '.he Ionos- increase with altitude at a rate of 60-70
pheric E-region) took place May 17-18, degrees K per 10 kilometers. At 150 kilo-
1971. Fifteen rockets that combined chem- meters, Tmean = 600 degrees K; densities
ical release and failing sphere experiments fluctuate up to 50 percent from a mean
were flown in a 10-hour period to measure value of 2 x 10-12 gram. cm-1 at 150 kilo-
wind fields and temperature and density meters. The U.S. Standard Atmosphere,
profiles during an evening twilight and T,,o = 900 degrees K, summer model den-
night. Simultaneous measurements were sity curve seems to fit the data best.
made of winds by meteor trail observa- Some of the diffusion coefficients have
tions anol by inflatable spheres. Chemical been obtained from diborane (B2 H6 ) trails
releases during the following morning twi- and puffs. B2 H6 is oxidized by atmospheric
light measured winds, for comparison with oxygen into B0 2 which fluoresces in sun-
radar observations of meteor winds. Also light. Spurious diffusion rates, obtained
included were experimental releases of below 130 kilometers due to the prevailing
strontium, lithium, and sodium metal va- high wind shears, are being recalculated,
pors and liquid iron carbonyl to evaluate using mathematical formulas that take
techniques for dispensing metal vapors into account the d;stortion introduced by
and for studies of oxide formation as a the wind shear.
function of release altitude. In many of
the expriments the trimethyl aluminum ATOMIC OXYGEN FROM NO TRAILS:
(TMA) wa released as a string of spheri- AFCRL has used nitric oxide (NO) releases
cal puffs on the downleg of the trajectory. since 196.3 to determine atomic oxygen (0)
This procedtre simplifies the triangula- dcnsities in the upper atmosphere. When
tion, rate of growth measur-ments and NO reacts with 0, electronically excited
aiming of the optical equipment. The alu- NO2 is formed with subsequent emission of
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visible light. The technique consists of re- correlated with the development of spa-
leasing the NO as a free jet from a sonic tially distributed well defined small-scale
orifice during rocket ascent. The orifice is structure. This structure consists of thin
located on the front of the vehicle, which is rods parallel to the earth's magnetic field
exposed after nose cone ejection. The free lines, tens of meters in diameter and tens
jet expands against the ambient air as the of kilometers long. Similar structures asso-
rocket travels at supersonic speed. In these ciated with nuclear weapons have marked
circumstances, a hemispherical mixing effects on the rf propagation characteris-
zone, bounded by a bow and an inner tics of the ionosphere. Barium releases, in
shock, is formed ahead of the rocket in addition to their application to defense
which the so-called "headglow" originates, problems, are a useful tool in aeronomical
A photometer located next to the release measurements. The excitation of the ener-
orifice views a portion of the headglow, gry states of metals and their oxides upon
and telemeters measured radiances to a release results in the emission of resonant
receiving st,.,*on. Low-density wind tunnel radiation and chemiluminescence. This ra-
simulation tests at Arnold Engineering diation has been analyzed to obtain infor-
Development Center, Tennessee, have re- mation about chemical reactions, spectros-
vealed that the headglow radiance is inde- copy, and other processes characteristic of
pendent of the NO release rate and partial the ionosphere. Clouds of metals that have
pressure in the mixing zone and linearly been released, other than barium, include
dependent on the flux of atomic oxygen lithium, aluminum and iron.
impinging on the jet. A trough in the
rocket-measured atomic oxygen profile at TV STUDIES OF CHEMICAL RELEASES: Rock-
110-120 kilometers may be related to the et-releascd chemicals interact with am-
peculiar convective conditions of the upper bient species or sunlight to produce visible
atmosphere or the larg, scale meridional clouds. Conventional photographic obser-
or zonal flow of atomic oxygen. vations, photogrammetry an-! photometry

Since atomic oxygen measurements are provide the position, drift, and growth
necessary for a full understanding of the
dynamics of the upper atmosphere, future
(0) determinations must be concurrent ,1,
with wind measurements and with photo-metric determinations of 0.1. 020A) OH, " ..

an i 0 1S), all of which are 'intertwined in "

the general photochemical and dynam;eal" "behavior of the lower thermosphere, I f .

RADIATIVE STUDIES OF CHEMICAL RELEAS- . , /

ES: ACRL has been active in optical
measurements of barium (luring the
ARPA SECEDE series. Barium releases .

are unique in that they demonstrated the U
possibility of making ion clouds as low as
100 kilometers aititude. The barium clouds
also generate dense clouds of barium ox-
ide. Barium ion clouds van be observed Photographs and density contour of a bar-

e re- um rcea.e and computer projection ofboth optically an dl by radio frequency re- m ,de i Views are from three ites at 90

flectiotn. Radar characteristics have been ,A-co d after rc a .f

A
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history of the clouds. Frequently, photo- 0

graphic film does not have the required - //
optical sensitivity. Therefore, a low light , ,'- +-*
level TV was developed to supply data 0 J 1.4'
with the time resolution necessary to de- '" \i 4
termine release characteristics. Growth
dynamics, early spectral parameters, andNfine scale structural definition have been -.\ ,i

studied with Vidicon and SEC-Vidicon TV > . r. /
cameras using various lenses, intensifiers, S - _.-4000 0 1000 CO000 1.000 2 000 .
gratings, and video tape and monitor pho- /--. 00-- -2.0 -0 0
tography to provide high resolution re- --
cordings. The tapes enable real-time field --- "
evaluation of the releases. Thest records, 0
as well as narrowband filtered and unfil- 0
tered film records, are analyzed on a pow- l
erful new digital color TV densitometer. --

This instrument is especially useful when 0 - - _

the records show detailed structure too -

complex for conventional manual proces-
sing, where high spatial accuracy of indi- I . -
vidual features is required, or when frame- %,

to-frame histories are needed to evaluate
time derivatives. The instrument is capa-
ble of both high resolution and rapid scan Ray paths for sattenng by overdense ellip-
(minutes per frame versus hours for man- soidal plasma cloud inclined at 45 degrees to

propagation direction.
ual analysis) with 256 discrete density lev-
els. Machine editing retains essential data, were extended to ellipsoidal clouds posi-
and automated computations provide total tioned with their major axis along the
chemical yields, peak intensities, and spa- earth's field lines.
tial histories,

WINDS AND SHEARS: The motion of a
RADIO WAVE SCATTERING FROM CHEMI- chemical vapor trail in winds of constant

CAL RELEASES: A theoretical investigation shear has been studied mathematically.
of the scattering of HF radio waves by Detailed solutions were obtained in three
spherical electron clouds in the presence of cases: 1) the flow has no vorticity, 2) vor-
the earth's magnetic field has been com- ticity motion predominatos, and 3) the
pleted. The effect of the earth's fieid was wind is stratified vertically. The history of
found to be small at 30 MHz but substan- the trail differs considerably in each case
tial at 3 MHz. The cross section for the and an analysis of fhe three cases has been
ordinary ray depends much more strongly used to understar 'observed flow patterns
on the field direction than that for the in the upper atmosphere.
extraordinary ray. A study of clouds which The differential equation governing the
decay more slowly than the Gaussian form diffusion of a gas cloud in the presence of
showed that an inverse square type of a constant background velocity gradient
density distribution has substantially high- has been solved analytically. From the
,cr cross sectionz in both the forward and solutions, the infinite space Green's func-
back directions. Scattering investigations tion for diffusion in a constant shear flow
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was derived and utilized to solve initial shears above 0.06 see" occur in only 3
value problems appropriate to upper at- percent of the samples. The average ener-
mosphere chemical releases. It was shown gy deposition rate (erg per gram-second)
that the presence of wind shear in the could represent a 20- to 80-legrees K tern-
ambient flow can lead to spurious experi- perature rise per day in those samples, if
mental diffusion coefficients and that these typical eddy viscosities are used. This ener-
coefficients may differ by one order of gy dissipation rate has a significant effect
magnitude from the longitudinal and on local transport processes, temperature
transverse diffusion coefficients deter- profiles and the occurrence and persistence
mined in the usual manner. Analytical of sporadic E layers.
solutions appropriate for puff and trail The statistical significance of seasonal
releases have beer, obtained. Horizontal effects in these high shears and their asso-
shears of horizontal winds were derived ciated vertical wavelengths have been re-
from chemical trail experiments conducted ported and compared with theoretical pre-
at Eglin AFB, Florida. The vertical pro- dictions from gravity wave spectra sug-
files of the winds and the vertical shears in gested by Hines. The energy dissipation
the 90-160 kilometer altitude range were can cause sandwich-like layers of turbu-
found to exhibit a character'stic wave
structure with wavelength increasing with
altitude. Vrtical profiles of the horizontal
shears also exhibit a wave structure, but
the dominant wavelength appears to be
only half that of the winds and vertical
shears. Horizontal divergence and vertical
vorticity were also computed and found to
have amplitudes of approximately 0.001
sec- 1. Theoretical studies were also con-
ducted to discover the source of these
motions and to evaluate the extent of their
contribution to ionization transport and
thermospheric heat balance.

In February 1971, a lithium cloud was
tracked in full daylight for 40 minutes
with a prototype instrument developed at
the Laboratory. Two daytime vapor trail
trackers based on this prototype have been
constructed under contract and are under-
going testing and calibration. These in-
strument, will make possible the first 24-
hour neutral wind study, planned for early
1973. Three vapor trails separated by 50 km hon-

tntally after distortion by ionropheric
TURBULENCE STUDIES: Seventy horizontal winds, 300 seconds following releasc. Note

wind profiles have been analyzed for wind the generally similar %ind patterns, but the
turbulhnt region in one co. rslimnd. to ashear amplitudes and altitudes ranging laminar region in another at the altitude

from 90 to 150 kilometers. Between 90 and region between 102 and 106 km In each trail
100 kilometers, shears above 0.03 sec - I the left lwnd i4 at 106 km altitu.de, with the

lower and uplwr right bends at 102 and 112
occur in 25 percent of the samples whereas .rcswctiv'p
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lent and laminar flow and abrupt thermal PROJECT CHASER: This major effort of
gradients. the Spectroscopic Studies Branch is con.

ducted for the Space and Missile Systems
AIRCR AFT DECOY SYSTEMS: Aircraft are Organization. The goal of the project is to

extremely vulnerable to heat seeking mis- obtain measured data from large missiles

siles which home on their hot engine parts launched from Vandenberg AFB, Califor-
or exhaust trails. A systemr to provide a nia. The purpose and associated technical

semi-continuous chemical decoy has been detaiis of the project are classified. The
designed and tested at the Laboratory. project has procee ded through the desigr

This system was flight tested at Eglin fabrication, calibration, testing and flight
AFB in 1970 under AFCRL direction, and phases. The same AFCRL group has also

shown to provide flexibility in release se- participated in the experiment design, mis-
quence, rate and duration, and to give a sion, trajectory analysis, calibration, field
strong IR target. A series of decoys, re- test, and analysis phases of the project.
leased continuously, can protect flights up Several calibration units were completely
to an hour's duration. The system can be designed, tested, and used at the Laborato-
retrofitt4 to existing aircraft with mini- ry. The calibration of all units was the

ral rdifications. exclusive responsibility of AFCRL. Three
Chaf icurrently used for meteorological flights have been completed. Measure-

soundings provides an effective radar de- ments were obtained on two different tar-
coy over a wide wavelength region. Prop- get vehicles on the first and second flights,
ery dispensed, small amounts of this chaff while the third flight did not achieve alti-
can form a persistent and dense radar tude. The report on the first flight has been
target several miles long. A dispenser sys- completed.
tem to keep the dispensing aircraft hidden A photegraph of the CHASER rocket
in the chaff cloud was designed and ground and a diagram of the trajectories and
tested. The cloud protects following air- sequence of events arb ,'hown.
craft and, if necessary, it can be rein- This is the first time such measurements
forced. have been made using this method. This

technique may be refined and modified in
the future to make upper atmosphere
measurements needed to improve the pre-

SPECTROSCOPIC STUDIES dictability of certain USAF systems.

The Spectroscopic S';.udies Branch has con- PHOTOIONIATIGN OF O2 (214g) It' THE
tinued to use ultraviolet spectroscopy and D REGION: Until recently, the photoioniza-
theoretical methods to measure, calculate, tion of this abundant metastable molecule
and interpret upper atmospheric processes was believed to be an important source of
and the associated atomic and molecular ionization in the D region. However, calcu-
paramettrs such as cross sections and tran- lations reported rmeently showed that this
sition probabilities. The portion of the ul- photoioutaantion is less important than pre-
trmviolet radiation which is absorbed by viously judged. The calculations were
the atmosphere enters significantly not based on 1) new photoionization cross sec-
only into normal and perturbed upper at- Lions for the ground state O2(3X- ) mole-
mospheric proce.es, but also into artifi- cule, 2) new photoionization cross sections
cially induced situations, such as those for the metastable 02(1.) obtained from
produced b:, upper atmosphere nuclear a collaborator at Boeing Aircraft Compa-
detonations. ny. and 3) new solar flux data measured at



the atom. These concepts are also applica-

ble to the analysis of molecular spectra. A
laboratory study of several years' duration
in cooperation with Northeastern Univer-
sity has begun yielding oscillator strengths

(or f-values) of atomic oxygen at strong
autoionized lines. A continuum back-
ground source is used and the oxygen
atoms are created by pyrolysis of ozone

(03). These experimental f-values for the
autoionized lines are the first measure-
ments made, and they are needed to inter-
pret the photoionization continuum whose
shape is partially determined by these
parameters.

OTHER PROGRESS ON MEASUREMENTS OF
CROSS SECTIONS: Data reduction has con-
tinued on the measurements of absorption
cross sections of H20 and D20, and new
cross sections for N2 with higher resolu-
tion. The results for 1120, in particular, are

----. _._ assuming more importance. for upper al.-
mospheric applications since various hy-
drates, Am(Hom)n, have been detected.

The Chaser rocket. The instrument- are lo- A table of cross sections at the wave-

cated in the nosecone of the rocket. lengths of strong emission lines emitted by

the Aeronomy Laboratory. This informa-
tion showed that an important factor not
previously considered, the absorption by ," 230uc

carbon dioxide (C02), reduced the solar
flux at the 02 absorption minima (win-
dows) with a consequent decrease in the $oc . ,
importance of the photoionization of lope'e.

,. 1g.. Additional calculations confirmed
these results. ne c;otd 25t

Insfr'um ef$ Or

OSCILLATOR STRENGTHS OF ATOMIC OXY-
GEN: In an approximate quantum mechan-
ical treatment of an atom placed in an ,,:o-,, ,o
external electric field, it was shown that " -.. --
the real atom resembles a collection of
classical electrons bound to a fixed x)int Diagrammatic dlustrations of trajectories.
with each electron viibr, l-ng with a fre- The launching areas of target and Chaser

are approximawly 20 miles apart The nose-
quency s'n, and asociated oscillator ron opens 12.5 seconds intr, the flight, and
strength, f,, the f-values. Furthermore, it records signals from the target as indicated
was shown that thtse f-vaiues determine Since recovery is from the water, a specially

dcs:gnet package protet.s the attitude con-
the intensities of the absorption lines of trol system from %atr damage I
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a high altitude nuclear detonation was zation potential of atomic deuterium.
prepared. The requirements were dis- ABSORPTION SPECTRA OF DIATOMIC RARE
cussed and obtained at DASA-sponsored GASES: This area of molecular research has
meetings, and the tables are based partly possible application to the theory of dimers
on measurements made by the Aeronomy with possible subsequent application to
Laboratory. A chapter of the Reaction speculated upper atmospheric processes.Rate Handbook wa. revised, and a nw Absorotion band analysis for the diatomic
chapter on atmospheric absorption of solar neon molecule including electronic, vibra-

radiatien has been completed. tional, and in some cases, rotational transi-
ALTITUDE DISTRIBUTION OF ATOMIC OXY- tions, are completed. The existence of sta-

GEN: Work is underway on a rocketborne ble diatomic neon (Ne2) was dem, trated,
experiment which will determine the dis- and its dissociation energy was determined
tribution of atomic oxygen, by measuring to be about 30 cm- 1, i.e., about 3.7 x 10-3

the attenuation of an absorpticn line of eV. Numerous stable excited molecular
atomic oxygen over a known path length. states were also found. Evidence was ob-
Testing of the light sources and associated tained for the existence of heteronuclear
instrumentation for the measurement of diatomic molecules such as HeNe, HeAr,
atomic oxygen continued, and NeAr. However, their dissociation

energies are presently unknown.
ANALYSES OF NITROGEN (N2) AND HY- During the study of the absorption spec-

DROGEN (H2 ) SPECTRA: Vibration and rota- tra of rare gas molecules, a new emission
tion absorption spectra of nitrogen bands spectrum was discovered when a mixture
in the 1000 Angstrom region of the vac- of He and Ar was used in the discharge as
uum ultraviolet (VUV) have been studied source background. The spectrum ap-
for the c - X and o ,- X systems, the peared as two band groups at 1426 Ang-
former being a member of the Rydberg stroms and 1457 Angstroms. Band groups
series converging to the first ionization with very similar structure to that for the
potential and the latter a series converg- (He + Ar) mixture were also discovered
ing to the second ionization potential of for the mixtures (Ne + Ar), (Ne + Kr), (Ne
N2. Data for this study were taken using + Xe), and (Ar + Xe). The preliminary
the very accurate photographic method, a explanation for these band groups is that
technique especially useful for determin- they .re produced by molecular ions such
ing molecular structure. Molecular con- as (HeArp and that the associated transi-
stants for the states involved in these tions occur at large internuclear distances
transitions were accurately determined where the molecular ions have shallow
and numerous rotational perturbations potential bowls. This suggests emission by
were explained. The study of the absorp- rare gas heteronuclear ions from an upper
tion spectra of H2 and its isotopes was to a lower state.
continued. A new Rydberg series discov-
ered in deuterium (D2) contains sharp rota- DETERMINATION OF MOLECULAR FORCES:
tional structures, and extends up to princi- Research on the structure of polyatomic
pal quantum number around 40. The con- molecules has centered on the dett nina-
vergence limit of this series was very accu- tion of molecular force fields from ob-
rately detcrmined, and the limit agreed to served vibrational frequencies. The occur-
within I cm-1 with the D2 ionization po- rence of an external diagonal force was
tential obtained by the combination of the found to correspon(d to the exisience of a
previously known values for the dissocia- vibrational form fully characteristic of a
tion energies of D2 and D', and the ioni- pure stretching or pure bendin., mode,

o'
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while the an!ogouq extremal off-diagonal and experimental data on these transition
force constant was f*ur d to correspond to probabilities are available, omissions still
a pair of completely .ni',-d vibrational exist and some of the data are unreliable.
forms, which are, however, separ-,ble from
all the other modes of motio, in t.,'s of ATOMIC CROSS SECTIONS: The calcula-
the well known classical concept c.! tions of cross sections for the capture ofstretchingar nd bending associated with lin- elctrons by oxygen ions from argon have
ear elastic restoring forces. Formulas for been finished. Calculations cf the cross
such extrer,al force constants and for the sections for the capture of electrons by
distributicn of the potentiat energy among protons from atomic oxygen using an im-
them have been derived, and are useful in pact-p,;.rameter metbod for relatively low
providing approximate values for vibra- energies are about to be resumed. A thor-
tion-rotation interaction constants of tol- ough review of th. theory of the polariza-
ecules such as water (H20) and nitrogen tion of light emitted from electron-impact

dioxide (N02). induced excitation has been completed. A
study of the feasibility of calculating the

THEORETICAL ATOMIC SPECTROSCOPY: To cross sections for the capture of electrons
describe a many-electron atom quantita- by protons from helium into magnetic sub-
tively with high accuracy it is convenient states of atomic oxygen is being made, and
to express the many-electron effects in an attempt will be made to extend the
terms of two-electron contributions. This theory of polarization of light to apply to
task is accomplished by the use of parent- radiation from atoms formed by electron
age expansions. For dipole transitions capture.
(needed for transition probabilities) each Capture of electrons by oxygen ions
of these terms can be determined sepa- from argon is one example of a possible
rately, but for the evaluation of the associ- reaction following an upper atmosphere
ated energy levels, complications occur in nuclear detonation, and electron-impact
the calculations. The needed coefficients of induced excitation is an important auroral
fractional parentage, recoupling coeffi- process. Indeed, much of the ambient ra-
cients, and matrix elements have been diation in the uppar atmosphere originates
studieu during the year. from electron-impact induced excitation.

A detailed study was made of the struc-
ture of corrections to the energy and di-
pole transition moments of light atoms
and ions. New results were found for 0 V
and N IV (beryllium-like stru!tures, a SOLAR EXTREME ULTRAVIOLET RADIATION
four-electron atom). Therc was striking
improvement over previous work. Because The intensity of solar radiation in the X-
of their importance to upper atmosphere ray and extrerme ultraviolet region of the
effects, work will be continued on these spectrum between 1-1700 Angstroms is ex-
ions. tremely small in comparison to the intenmi-

To obtain a detailed understanding of ty of solar radiation in the visible and
the behavior of the atmosphere foilow.ng a infrared region of the spectrum. Yet this
severe disturbance, reliable data are need- so-called XUV radiation is the primary
ed on radiative transition probabilities for source of heating and ionization in the
the va-ious excited levels of positive ions earth's upper atmosphere and it plays a
of atmospheric species including the ions 0 dominant role in the photochemistry of the
V and N IV. Although much theoretical upper atmosphere. The reason foi the im-
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portance of solar XUV is that it is essen- ROCKET OBSERVATIONS OF SOtAiR XUV:
tially completely absorbed in the upper During this reporting period, the rocket
atmosphere since it is energetic enough to program to measure solar XUV intensities
dissociate, excite, and ionize the atomic has continued. The rocket payloads carry
and molecular constituents of the atmos- grbzing-incidence grating spectrometers
phere. The longer wavelength visible and to measure absolute intensities in selectfd
infrared radiation, on the other hand, is regions of wavelength over the i.AM wave-
almost completely transmitted through length range of 30 to 1250 '-gstroms. The
the upper atmosphere. wavelength regions covered in a particular

Any detailed study of the earth's atmos- rocket experiment depend upon the choice
phere and ionosphere therefore requires of diffraction grating and dt,.,c.or. The
accurate experimental data on the abso- spectrometers are designed so that either a
lute intensity of solar radiation incident at wide wavelength region can be scanned
the top of the atmosphere, and the intensi- several times during the rocl, ;t ilight, or
ty as a function of altitude in the atmos- several particular pre. lected ntense solar
phere. The study of the long terta variabil-
ity of the intensity of solar XUV during
periods of changing solar activity and dur.
ing soar flares is also of importance to
aeronomy, since temporal variations in so-
lar XUV cause im;ortant temporal varia-
tions in the parameters of the atmosphere i
and ionosphere.

Research in solar XUV in the Aeronomy I
Laboratory is accomplished with the u. of
spectrometers flown in both rockets tnd
satellites. The rocket experiments meas-ie
primarily the intensity of solar XUV as a
function of altitude in the earth's atmos-
phere. The intensities of particular solar
emission lines, separated by the spectrom- -

eter, vary with altitude as the emissK,r.
lines are absorbed by the atmospheric con-
stituents. These absorption data are ana-
lyzed to obtain information on the vertical
structure of atmospheric (knsitics and ion-
ization. The satellite experin, ts measure
the intensity of solar Y UV incident at the
top of the earth's atmosphere, since the
altitude of the satellite orbit is usually
above that part of the earth's atmosphere
which absorbs the radiation. The satellite
experiments are particularly valuable for
a detailed study of long-term variations of
so:ar radiation. In addition, satellite exper-
iments provide Liie only means to measure
solar XUV radiation continuously (luring Pre-flight testing of an AFCRL cxtremc

tfe ultravolet spectrometer mounted or a bwc-
the lifetime of a flare on the surface of the ial solar pointing control
sun.
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(b) obtained from this flight have been ana-

26 MARCH 1967 lyzed and published during this reporting
no.oc o .-2period. The most significant results oh-1 303.8A (Hell) tained from this experiment were the

identification I many emission lines of
highly ionized atoms abundant in the sun,

D 'and the determination of the electron tem-
.. perature in the regions of the solar atmos-

0 phere in which the spectral lines of the
lithiumlike ions 0 VI, Ne VIII, and Mg X

0 and the berylliumlike ion 0 V are predom-
tO inantiy emitted.

5o00- Another flight of the double spectrome-
> |ter was launched, also on an Aerobee 150
,_. .. _ L from White Sands Missile Range, on Au-

0450 05(;0 0510 052 C
UNIVERSAL rIME 539 gust 12, 1970. This experiment was instru-

The variation with time of the intensity of mented to obtain accurate data on the
the re.onance line of singly ionized helium absorption of eight pre-selected solar emis-
at 304 angstrom3 recorded during the devel- sion lines as a function of altitude in the
opment of a flare on the surface of the sun. earth's upper atmosphere. Unfortunately,

emission lines can be measured nearly con- a malfunction occurred in the nose-cone

tinuously during t'he flight, lift mechanism during this flight; however,
One type of XUV spectrometer now the payload was recovered and the instru-

being flown at AFCRL consists of two ment flown again on March 16, 1971. This

spectrometers mounted together in a sin- flight was successful, and, from the data,
gle casting This newly designed double the atmospheric densities of molecular ni-
spectrometer is equipped with eight pho- trogen and atomic and molecular oxygen
toelectric detecto,-s to record different re- between 12C-270 kilometers have been de-
gions of wavelength simultaneously dur- termined. One other XUV experiment was
ing the rocket flight. The spectrometer flown on an Aerobee 170 from White
permits good spectral resolution to be Sands Missile Ran'- on August 12, 1970.
achieved over a wide range of wavelengths This instrument w ts equipped with a sin-
during the relatively short period of time gle diffraction grating and a single photoc-
available in a rocket experiment. The spec- lectric detector. The experiment was suc-
trometer is mounted on a biaxial solar cessful and yielded good data on absolute
pointing control which points the optical intensities over the wavelength region of
axi8 of the spectrometer at the sun during 225 to 1225 Angstroms. The altitude
flight. achieved by the rocket (luring this flight

The first flight of this double spectrome- was unusually high for this payload, so
ter, launched on an Aerobee 150 rocket that the intensity measurements corre-
from White Sands Missile Range on April spond very nearly to the absolute intensi-
4, 1969, was completely successful. This ties incident at the top of the earth's
experiment recorded the solar spectim in atmosphere.
four overlapping wavelength regions, pro- An extensive analysis of the solar XUV
viding a complete high-resolution spectral spctrum t.tween 30 and 128 Angstroms
scan between 50 and 300 Angstroms and has also been completed. This analysis was
also recorded the solar spectrum in four based on recordings of the solar spectrum
narrow bands of wavelengths lying be- obtained in two previous rocket flight,.
tween .) 5 and 1250 Angstroms. The data One of these flights recorded the speut.um
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of a very quiet sun, while the other record- stroms. Rad;ation of this wavelength,
ed an active sun. The study clearly indi- which is the major cause of the formation
cates the dependence of the intensity of of the ionosphere, is absorbed by the time
the emission lines Drignating from highly it has reached about 100 kilometen above
ionized coronal ions on solar activity, the earth. Changes in solar radiation due

On November 9, 1971, AFCRL launched to solar activity, therefore, cause changes
two ro.&ket experiments simultaneously in ionospheric structure. Particularly vio-
from WrIite Sands Missile Range to obtain lent eruptions on the sun, known as solar
the absolute intensities of solar XUV with flares, have been observed for over a hun-
a higher spectral resolution and accuracy dred years from the ground, most often in
in the flux measurements than was possi- hydrogen emission lines falling in the visi-
ble in the past. One of the instruments was ble region of the spectrum. However, until
a double spectrometer designed to record the advent of rockets und satellites, no
the solar spectrum between 220 and 1220 direct measurements of the agent causing
Angstroms with a spectral resolution of 0.5 the ionospheric disturbance (the XUV ra-
Angstrom and to measure the attenuation diation) were possible.
of four selected solar emission lines in this The measurements from OSO-II have
same wavelength range as a fanction of established the magnitudes and time-de-
altitude. The line attenuation measure- pendencem of flare emissions in a number
ments enable the data of the complete f wavelengths in the extreme ultraviolet
wavelength scan to be corrected for at- region. These XUV flare emissions have
mospheric attenuation. The other experi- also been correlated with the familiar
ment of the pair recorded the solar spec- ground-based observations of the hydro-
trum between 30 and 205 Angstroms with gen emission lines. The average medium-
a spectral resolution of 0.15 Angstrom. sized flare is accompanied by an increase of
The latter spectrometer was equipped about 15 percent in the total solar radia-
with a gas-flow Geiger-Mueller counter tion in the XUV, the radiation increasing
having a particularly high quantum effi- for about 2 minutes to its peak value and
ciercy at wavelengths shorter than about subsiding again to pre-flare level about 5
130 Angstroms. The simuitaneouL .' cket minutes after its peak enhancement. This

experiments were comp!etely successful. causes detectable ripples in the ionosphere.
As a result the data recorded Ly each A major event of the typ, which causes
spectrometer refer to identical physical profound disruptions in the state of the
conditions in the solar atmosphere. These ionosphere is characterized by a doubling
data arm now being reduced and analyzed. and tripling of XUV emission from the sun

in some wavelengths. A sample observa-
SATELLITE OBSERVATIONS OF SOLAR XUV: tion shows an enhancement of about 30

NASA's OSO-Ill, OGO-IV, and OGO-VI percent in a prominent XUV line observed
satellites, launched between March 1967 during a class 2 flare.
and June 1969 carried severai of the Labo- The Laboratory will also have XUV
ratory's XUV experimcntL. These experi- spectrometers aboard the NASA Atmos-
mnints were generally successful and the phere Explorer satellites. The orbit of
data are still being analyzed. these satellites will be pointed at the sun,

During this past year, an analysis of enabling continuous measurements of so-
data from OSO-II obtained during solar lar XUV in the wavelength range of 140 to
flares has been completed. The spectrome- 1850 Angtroms to be made above the
ter aboard OSO-11 covered the wave- earth's atmosphere and within part of the
length range of 300 to 1300 Angstroms and earth's atmosphere ati the satellite oro-
had a spectral resolution of about 2 Ang- gresses through perigee.
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PHOTOMETRIC CALIBRATION OF XIJV
SPECTROMETERS: To reduce the experimen-
tal data obtained from an XUV spectrom-
eter to absolute in~tensities, the photomet-
ric efficiency of the -31et.ometer must be

established in the Lpboratory prior to
flight. The accuracy of ti- taboratory cali-
rbration sets the ultimate limit on the accu-
racy of the absolute intensities derived
from the space experiment. A collabora-
tive exp~eriment be-tween AFCRL and the
National Bureau of Standlards (NBS) in
Washington, D.C., is now being carried out
to check the accuracy of the techniques
currently used at AFCRL to calibrate
XUV spectrometers. In this experiment,
thle NBS synchrotron will he used as a
continuous source of XUV radiation of

known intensity, spectral distribution, and

polarization. Thus, a direct, comparison ofI the calibration of a spectrometer obtained
by using two indlependent techniques will
he possible.

An arust's coneeption of the AFCRI. ex-
trvine ultravio:et sikCtrofliet4.r to lK. flown DESIGN CLIMATOLOGY
abo~ard the NASA Atrnii.,oheric Explorer

Design climatology is the study of the
variation in weather elements anti their
presentation in statistical formats suitable
for Air Force systems design and for mili-

- tary operations. Consul tatior: art, provid-
ed, and studhies prepared, for Air Force
Systems Commanid working level engi-
neers and their contractor,,. For military
operations the princip~al customer is the
Air Wcather Service.

CLIMATIC EXTREMES FOR MILITARY EQUIP-
MENT: During the p~ast year a major effort
to revise the DOD MIL-STI)-2I0A. Climat-
ic Extremes for Military Equipment, con-
tinued Several new studies of specific

Prf.-ILght caibIration of an ex' remne ultram. weather elements and the;, extremes were
o)i(t r(r~etsjIwtrorntvr The rw~ket. instni- p~repared. One stutiy atLemlpts a much
munt v, lozatt-fI in the vac~urm chamtn 'if

thelai~rwry raxng;riirln'emonchr~. higher precision of spe~cification of the in-
mator pex.tialivv iie in thv righ?-hansd. gid" stantaneous intensity of precipitation, the
of the photog~raph total 'lepth of fall, and the number of (lays
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,x \ \\\ \\ \\ \~, \ \ \~ speed extremes in which an attempt is
\ \ \\ \\ , ' X\ \ ', \ \ ,, o made to specify maximum wind gust in

~ \ terms of the size of the equipment as well
'. ,°\ \\\ '\ \ ' as the acceptable risk, is still in manuscript

. "\\ ,\\'\\ > \ ,\ , form. Hail extremes which aircraft in

flight as well as structures on the ground
ashould withstand have also led to a report

..................................... ... in which tentative estimates for appropri-
" \ , , . ate calculated risk suggest that aircraft in
" ' ' I i flight should be able to withstand 1 1/2

, ' , ,,, , ,, " ' inch hailstones and ground equipment

should be able to withstand hailstones of 2
to 4 inches. A hailstone 5.4 inches in diam-
eter, suh as the c.e observed in Potter,
Nebraska, in 1928, will occur in only one
hailstorm in 33,000.

Relation of instantaneous precipitation rat
to precipition iERROR ANALYSIS: In previous design cli-
temperature based on all data.

matology research, an effort had been
on which it occurred, that is equaled or made to relate slopes in constant pressure
exceeded at 2 percent to 1/10 percent surfaces in the stratosphere to vertical
calculated risk, at any place in the wor., accelerations on aircraft flying at constant
This calculation is made from standard pressure altitude. One of the major proh-
climatological data. It answers simple lems in accurately depicting the atmos-
problems, such as how much water should pheric changes in short distances and time
aircraft windshield wipers be required to periods is the confidence which can be
handle on final approach, and more compli- placed in the meteorological instrumenta-
cated problems, such as the threshold sen- tion. This problem is especially difficult in
sitivity with which proximity fuses should analyzing upper air data, so that any data
be designed, and also, which microwave which will help t0 determine these errors
frequencies are best suited for satellite are of great value. The special soundings
communication systems, search radars, taken to determine the slopes of the pres-
and ground approach control radars (GCA) sure surfaces in the stratosphere were
for aircraft. One of the models in the most valuable. They showed, for example,
precipitation study is a nomograph for that rms errors in atmospheric density
obtaining intensities from the monthly measurements at 20 to 30 kilomete.rs from
depth of precipitation, days of occurrence, operational radio.)nde data are only about
and temperature. Further work in this 0.5 to 0.75 percent of the actual density.
area has been to specify the inlensity, These soundings have most recently been
water content and drop size distributions used to show that ballistic wind changes
for the extreme storms up to altitodes of over 10-mile distances in areas of great
18 kilometers. cyclonic activity are greater th.n available

Two other studies were performed spe- modeis indicate.
cifical!y for the MIL-STD-210 revision.
Humidity extremes which equipment DETECTION JANO TRACKING: Research on
should be designed to withstand were spec- the probability of visual and infrared de-
ified for attitudes from sea level up to the tection and tracking at specific angles
mesopause An in-depth analysis of wind through various layers of the atmosphere
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continued through expansion of the in- search, which had previously been pub'.
flight line-of-sight data gathering pro- lished, has recently attracted the attention
gram. Thousands of sma!l clinometers of both civilian and military operational
have been procured and given to the flight weather forecasters. As a result, a new in-
crews of as many military and commercial depth study was requested to determine
aircraft as can be persuaded to make and the extent which prediction of some
report line-of-sight observations. Observ- weather elements critical to aircraft land-
ers report whether the line of sight ings (which frequently vary considerably
through the instrument is clear or ob- in hours or even minutes) could be a;ded by
scured by clouds or baze when the instru- such typing.
ment is pointed toward the sky, toward the A study was performed to determine the
ground, and toward the horizon. Nearly feasibility of applying these procedires to
150,000 observations have been received, estimate the probability of low visibility
but many times this number are antici- during the next six hours at Travis AFB,
pated. One objective of this study is to get California. It revealed that local influences
large enough sample sizes so that accurate on visibility often dominate the effects of
probability distributions of clear and oh- the large-scale weather situation being
scured line of sight in various areas of typed. Little improvement in )rediction
interest to the military can be generated.
They can then be used to determine the 1O 0
feasibility of specific designs, and if opera- 90 -

tions are worthy of consideration. Even -
the sparse data now available indicate 're- t80-
mendous differences in the possibility of 0 -'
seeing along various paths depending on 0 -

whether observations are made on the -460-",
ground or from an aircraft. ,, I I - SURFACE

The 1)robabi!ities of optical devices 0 50- 2 -SKY
working, as indicated by the in-flight ,b- >" 0 GROUN-1
servations, are considerably lower than "-

would be inferred from standard weather - 30
observations. These probabilities have 2
been worked out for the last 9 seconds of 20
flight as two missiles close. Since haze can |I~l-
be differentiated from clouds in the data, I
the probability of a clear infrared line of L_ .J_.J_J
sight can be determined separately from 0 1 2 3 4 5 6 7 8 9
the probability of a clear visual line of TIME (SEC)
sight. ,egnveo the I)rol)aflitics of a clear

vie-, from standard meteoro'-gial obierva-

WEATHER TYPING: Nearly ten yeans ago, tionq. Da.shed and dotted cur,.- 2 indieati
- analogous probabili'ies hased uiton proces-

work l gan on typing weather maps, us- ing (of flight crew observations of whether

ing large ".apacity, high speed computers. or not ,lue sky wa.s vsvble ('onves 3 provid-

Since sensible N'eather records are availa- ,, the analoxous probahilitic. from the in-
Ilight olrNatong but are basesl uponle for each staiti,)n ,n weather maps, whether or not the ground wa.% .isibe Soli.1

prolbailistic stitements regarding th, in- cunrs :2 and 3 are eomputcd friom reporL4 in
cidence of various types of weather can be, which both hate. and riou,l4 in a !a~er act a

the olvstruction Dashcd curves 2 anti 3 r. ilt
made for the typed situation. This re- wh,,n rlouuls:xrv the oni. ol.truction



36

was obtained since only large-scale fea- search conducted to develop Standard At-
tures have been satisfactorily typed. Fu- mospheres. More recently, an effort to re-
ture typing endeavors will include ana- vise the U. S. Sxfndard Atmosphere Sup-
logues of significant features of local influ- p*erents, 1966 has been mounted. Prelimi-
ences. nary monthly models for each 15 degrees

latitude have been prepared for presenta-
ECOLOGY PROBLEM: Due to Congression- tion to the U. S. Committee on Extension

al concern over pollution of the strato- to the Standard Atmosphere, which has
sphere by SST aircraft, a climatological been reactivated.
study was made of the water balance of
the stratosphere. The Air Force is also
interested in the effects military aircraft
will have on the stratosphere. A report, ATMOSPHERIC COMPOSITION
just published, indicates from precipitation
radar echoes in the stratosphere that 40.6 The Laboratory ha.s been concerned with
million tons of water in ice clouds is intro- the measurement of the charged and neu-
duced daily from mid-latitude convective tral atmospheric constituents above 50 kil-
activity in addition to the half million tons ometers and the determination of the
of water vapor reaching the stratosphere physical and chemicai processes responsi-
through normal circulation. Only 1 percent ble for the distributions of these constitu-
of vaporization of these ice clouds would ents in the atmosphere. The effort has
raise the stratospheric water content by 1 been directed toward understanding and
part in a million. Water emitted by air- predicting both the neutral and ionized
craft operating in the stratosphere should structure at any time and for any natural
be considered in relation to both natural or artific;al disturbance. Measurements are
sources, to determine its importance. Par- performed with mass spectrometers
allel calculations in this report indicate aboard rockets and satellites and attend-
that typical SST fleet operatiuns would ant atmospheric processes are studied by
add 0.5 parts ,pr million, not. nearly as subsequent analysis of the flight data.
important as has been speculated. Various lower ionospheric disturbances

such as polar cal absorption, aurorae, spo-
MODEL ATMOSPHERES: A set of model radic E and solar eclipses have been stud-

atmospheres has been leveloped that rep- led, utilizing the rocket data acquired (lur-
resent the vertical distributions of ther- ing such events. In addition, spatial and
modynamic properties of the atmosphere temporal variations in the neutral compo-
that would be encountered by vertically sition and density between 150 and 500
rising or descending vehicles during ex- kilometers were deduced from measure-
trere warm an( cold stratospheric and ments obtained from the OV3-6 and
mesospheric (20 to 90 kilometers) condi- OVI-15 Air Force satellites. Rocket and
tions in arctic and subarctic regions. Fre- satellite programs were also conducted for
quencies of occurrence of these warm and the continued acquisition of data to deter-
cold areas are given for a number of loca- mine the aeronomical properties of the
tions north of 55 degrees latitude. This mesosphere and thermosphere (neutral
information is needed for the design of constituents) and of the ionospheric D, E
reentry vehicles. It is part of a continuing and F regions (poit.ive and negative ion
study of the distribution of atmospheric species). Other effort-, have included the
prolprties between 30 and 120 kilometers further development of mass spectrometer
which support the model atmosphere re- flight instrumentation, theoretical and ex-
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54Miz fE, directed by AFCRL and included nine

30 20NOVEMBER 1970 PR.OJECT ALAIDIN rocket payloads from three agencies:

M0* EGLIN AFB, FLORIDA AFCRL, NASA Goddard Space-Flight
20. •* 8,Center, Greenbelt, Maryland, and U., S.

oz l* Army White Sands Missile Range, New
23hr NO' / Mexico. The rocket payloads were

26-in -A.1' .TOTAL launched within a ten-minute period abouti flU....." "':' 'ION 3

r CURRENI sunset on November 20, 1970 from Eglin
40', 0 AFB, Florida. The measurements included

" positive ion and neutral composition
M 30- -"' (AFCRL); winds, turbulence, neutral par-

- t; 'e temperature and 0 2(A) concentra-- 20o-
02. . tions (AFCRL); neutral particle densities

to -. . --- NO '- and temperatures (NASA), and meteoro-

25i,' TR -logical temperatures, densities and winds
I METEORIC IONS (WSMR).

50. 
(ArITh e stv - ion c omposition-o-TOTAL E Neutral composition measurements of

during s e ON od molecular nitrogen (N, molecular and
CURRENT 2),'

ay aatomic oxygen (02 and 0), argon (Ar),10¢, ld" ,o , 16', carbon dioxide (CO2) , and ozone (0.1) were
ION CURRENT (areps' obtained from 83 to 19-0 kilometers on the

vehicle upl~g and to 60 kilometers on the
The positive ion composition of the E region downleg. By switching the electron ioniza-
d ng a so di E e en .T e so dilayer a, 108 km w a o p s d m i l of t n energy betw een 36 and 19 eV on

silicon ion2 and smaller amounts of sodium, alternate mass scans, measurements of
magnesium, calcium, iron, nickel and silicon atomic oxygen were extended to low alti-
oxide ions. The aluminum ions above 110 km
resulted from TMA (Al(CHsh) released from tudes. This marks the first time a contin-
a prev~ous rocket. t0OUS profile of atomiie oxygen has been

directly measured between these altitude
perimental studies of instrumental in- limits. Other, as yet unidentified, constitu-
flight measurement characteristics and the ents in concentrations of less than 1 ppm
initiation of a laboratory program to ex- were also detected.
amine atmospheric cluster ion processes. An ionosonde, operated by Lowell Tech-

nological Institute, Lowell, Massachusetts,
ROCKET COMPOSITION MEASUREMENTS: at the launch site to provi(le electron den-

In recent years it has been recognized that sity profiles, detecte(l a sporadic E layer at
the determination of atmospheric physical 108 kilometers which had an ionization

properties requires the near-simultaneous density ten times greater than normal.
measurements of many parameters which Positive ion mass spectroneter measure-
can only be obtained through coordinated inents revealed a 1 kilometer thick layer
rocket and ground-based programs. Pro- composed of meteoric atomic ions near this
ject. ALADDIN (Atmospheric Layering altitude in addition to the omnipresent
and Density Distributions of Ions and meteoric layer at 95 kilometers. Along
Neutrals) was conceived to study in some with the major E-region ions of NO- and
detail atmospheric mass transport process- O , large concentrations of aluminum ions
es and their influences on the distributions were observed between 115 and 139 kilo-
of ions and minor neutral species. The meters, resulting from the trirnetyl aiu-
ALAI)DN I program was organized and minum (AI(CH.) released from two rock-
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ets 5 minutes prior to the positive ion mcnts were made by Lowell Technological
measurements. These aluminum ions Institute.
served as convenient tracers of ion trans- Another joint program was carried out
port processes. A coordinated analysis of in conjunction with the Mullard Space
these several measurements is in progress. Science Laboratory (MSSL), England, at

The ALADDIN I program has empha- Eglin AFB, Florida, in May 1971. The
sized the importance of dynamics in deter- objective of this program was to compare
mining the structure of both the neutral D-region sampling methods for water clus-
and ionized atmosphere. The measured ter ions for attached (MSSL) and detached
wind field, density and temperature have (AFCRL) shock waves ahead of the sam-
been used to calculate the structurt of the pling probe. It is suspected that the weakly
atmosphere and ionosphere. The model cal- boun' water cluster ions may be collision-
culations compare reasonably well with ally fragmented traversing the shock-
the measured structure of the neutral and heated gas of the detached shock wave.
ionized atmosphere. Daytime and nighttime measurements

The ALADDIN II program was intend- were obtained from two Nike-Iroquois
ed to extend the objectives of ALADDIN I payloads containing three instruments
and measure the atomic oxygen profile each: a positive or negative ion quadrupole
with a nitric oxide chemical release and a mass spectrometer (AFCRL), and a posi-
green-line photometer in addition to the tive ion short path length mass spectrome-
neutral mass spectrometer. Measurements ter and a plasma probe (MSSL). The mixed
of the wind field components, atmospheric water clusters N:0O- (H20)n, along with
den.ity and temperature (AFCRL) were smail amounts oi CO3(H 2 0)n(n = 0 - 5),
also successfully obtained in the nine-rock- were dominant in the nighttime negative
et program launched on April 12, 1972 ion data, but in the cold mesopause (80-90
from Eglin AFB. One of the density and kilometer-) appreciable quantities of nega-
temperature profiles was obtained by a tive ions exceeding 160 amu were detected.
Sandia inflatable sphere payload. In addi- The daytime AFCRL positive ion meas.
tion. meteorological temperatures, densi- urements were also programmed to exam-
ties, and winds were obtained by WSMR ine the effects of the sampling electric
and ground-oased ionosonde measure- field. It was found that a large electric

field causes extensive fragmentation of

AT ?695 NACS cluster ions when the instrument is sam-
20 NOV 1970 1723CST A ,(,7, , piling in the vehicle ram direction and that

130 EG,.IN AF8,FLA LOWQv(,q this effect diminishes when the instrument
(1934% C PC.).. 6. is directed toward the rarefied vehicle

20. '. wake. The measurements are presently
10 '- undergoing analysis and will be compared

W,' with MSSL results.

,io C3.4%. .. . A coordinated rocket program was con-
", ". ducted from Wallops Island, Virginia. by

80 AF('rL. in October 1971; se;en rockets80 c
were launched around sunset on October 5.

70 The rocket payloads were designed tot03 10
9  

10'
0  

I0o
t  

i 012 10,3 to 1
4

NUMBER OENSITY(cm- 3) measure twilight variations in neutral

composition and density and. estecially,

Neutral comi.It ion mcasuvtmenui of the, the changes in 0, 02, and () 3 between 60
me osphere and Idw .r thermo.phtre anti 120 kilometers. The experimental in-
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strumentation consisted of neutral mass the following observations were evident:

spectrometers, ultraviolet absorption pho- very large negative ion clusters, up to 200
tometers, 2 to 8 it igstrom X-ray counters, amu, were measured below 90 kilometers; I
and 7-inch falling spheres instrumented mass 46- amu, probably NO, was meas-
with omnidirectional accelerometers. The ured before sunrise but was absent after
program was highly successful. Cryo- sunrise; relatively large quantities of chle-
pumped quadrupole mass spectrometers rine ions, 35" and 37-, were seen in the D
were utilized to measure the neutral spe- region; large positive ion clusters up to 98
cies between 70 and 120 kilometers. The - 1 amu, the upper limit of the mass scan,
mass range of from 4 to 110 amu was were present below 90 kilometers, includ-
swept in about 1 second. Concentration- ing mass numbers that could be identified
height profiles of 03 and 02 will be ob- as the H+(H 2 0) 4 and H(H 2 0)5 water
tained from UV absorption measurements clusters, and a sporadic E layer compriset
at 2600 Angstroms, 2750 Angstroms (03), of meteoric ions was present in the lowerLyman alpha, and the Schumann-Runge E reion anti evident in ionograms taken

maximum (O2). Two rockets were (luring flight.
launched almost simultaneously to allow A rocket flight was conducted near mid-
correlation between the two techniques for (Jay in February 1972 from Wallops Island.
measuring 0., anti 03. No such correlations Virginia, to determine the diurnal varia-
between absorption and mass spectroscopy tions in D-region negative ion composition
have previously been m(le in the upper (luring quiescent ionospheric conditions.
atmosphere. Neutral atmospheric (tensity, The measurements were made at low
temperature, l~ThI pressure will be deter- Mach number and indicated that most of
mined from faling sphere drag accelera- the negative ions have very large masses
tion results. exceeding 200 amu, and that in previous

Four Nike-Iroquois rockets with ion measurements made at larger Macbi num-
mass spectrometers and Langmuir probes bers these cluster ions were probably frag-
were launched around sunrise from Wal- mented due to shock heating. Such large
lops Island on October 6, 1971. The objec- negative ion clusters are theoretically dif-
tives of the program were to determine D- ficult to explain and these results have
legion electron detachment processes from prompted new Lalratory investigations.
negative ion composition measurements A rocket program, designated ICECAP
and D-region ionization source. at sunrise 72, was performed from Poker Flat, Alas-
through positive ion composition measure- ka, in March 1972 to study auroral process-
ments. A eryopumped positive ion mass es. Positive ion composition measurements1* spectrometer and negative ion mass spec- were made in an IBC Class II auroral
trometer were launched when the entire D form. In a preliminary analysis, the data
region was in darkness. Following these, a showed large NO' concentrations and 0*
negative ion mass spXectrometer was fired densities somewhat larger than expected.
at a solar zenith angle of 94 degrees, so
that 4 eV radiation penetrated below 80 SATELLITE COMPOSITION MEASUREMENTS:
kilometers, and a positive ion mass spec- Analysis of the massive volume of dat- I

trometer was launched at a solar zenith obtained from the OV3-6 and OVl-lTh sat-
angle of 90 degrees. ':cellent data were ellites is continuing. Measurements of at-
obtained from all instruments, except the mospheric comp)sition near 400 kilometers
last positive ion spectrometer that failed and( density by the OV3-6 satellite have
during excessively "hard" Irxluois burn. shown marked departures from atmos-
From an examination of the flight data. pheric models The results have shown thati

'.'... ........ .. ... ..........
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the molecular species constitute a much KA .,G, A.4 A ?N 3,NO,190 07, ,oU C ,tH CAAD
larger percentage of the atmosphere near ,140_ i
local sunset than near local noon. Near
local sunset, the N2/O ratio is a few per- .., 0-' S
cent, and near local noon. the ratio is a few
tenths of a percent or less. This indicates no
that the temperature maximum is nearer "
local sunset than the density maximum C4
near 1400 hours LT. The results show that
diffusive equilibrium models must be re- .
considered with regard to dynamics and
heating sources of the atmosphere. In ad--.' "
dition, the measurements exhibit a signifi-
cant dip in the density of each of the = -o - -. •
species for a large percentage of the orbits °"0' ' Vnear eq uatorial latitudes (d ips locate d near 10 -'-0" 2 .... 04. . ,,,

10 degrees North and 10 degrees South
magnetic latitude). When these dips or The positive ion composition of the highly
troughs occur, the molecular species are disturbed D anr. E regions during a simulta-

neous polar cap absorption event and intense
often affected more strongly than atomic auroral event. Energetic p-otons create the

oxygen. ionization below 90 km while energetic elec-

A new mnass spectrometer has been de- trons are responsible for the ionization
above 95 km.

veloped at AFCRL for measurements of
the neutral composition at satellite alti- nents: an ion source in which the incoming
tudes. The instrument, referred to as the neutral particles are ionized by an electron
Velocity Mass Spectrometer (VMS), makes beam; a retarding potential analyzer to
use of the high satellite velocity to epa- determire the energy, and thereby the
rate the species by energy in a retarding mass of the species; and an electron multi-
field. The VMS has three main compo- plier to measure the ion species current.

The unique feature of the VMS is that it is
able to discriminatV against particles

,-s - -which have struck a st rface and thus it is
..---- .capable of making highly accurate meas-

urements of reactive gas species such as
........ atomic oxygen. The VMS was successfully

launched on the OV1-21 satellite on Au-
gust 7, 1971. Preliminary results have
shown the technique to be valuable al-

,,,: though the useful satellite lifetime was so-1 RCD, ,, short that atmospheric interpretation will

~.,he limited.

- ,o'.',* POl.AR CAP ABSOPTiON (PCA) EVENTS:
The positive ion chemistry of the disturbed
D region was determined for the first time
from an analysis of rocket measurements
taken during the November 2 4, 1.69, 1PCA

The qatellite velocity mass spctrometer event at Ft. Churchill, Canada. The initial

iI
?I
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ion species, created by intense proton ioni- though the ion chemistry of the quiescent
zation during a PCA, undergo rapid reac- E region is fairly well understood, the
tions which produce 0' (> 90 percent) auroral rocket measurements yielded
and NO + < 10 percent) in less than a anomalously large NO+ /O+ ratios. Since
millisecond. Subsequently, the O was ex- increases in nitric oxide concentrations of
pected to convert to water cluster ions up to ten times normal are required to
below 85 kilometers in a matter of seconds. explain these results, several efforts are
The PCA rocket measurements, however, underway at AFCRL and elsewhere to
revealed NO + aid 0' as the major ions determine the processes which can produce
while the water cluster ions became pre- such enhancements.
dominant only below 77 kilometers at
night, somewhere below 73 kilometers dur- SOLAR ECLIPSES: Positive ion composition
ing the day, and somewhere below 78 kilo- measurements in the lower ionosphere
meters at sunset (the latter two altitudes during the November 1966 solar eclipse
represent the lower measurement limits), and negative ion composition measure-
This indicated a short circuit in the O to ments during the March 1970 solar eclipse
water cluster ion conversion scheme which were analyzed. The D-region results pro-
has since been attributed to the destruc- vided strong evidence for the existence of
tion of an intermediate by atomic oxygen. a fast ionospheric reaction which converts
The inclusion of this atomic oxygen reac- NO ' to water cluster ions, but the actual
tion in subsequent PCA calculations yield- reaction could not be determined from the
ed ion profiles which agree quite well with measurements. (Note: In the highly dis-
t., measurements. This convenient simpli- turbed D region, the lifetime of NO' is
fication of the ion composition to NO' and apparently too small for this process to be
O in the upper D region allowed the sinificant.) The E-region results exhibited
derivation of atmospheric neutral nitric tae expected behavior of the molec, "tr
oxide concentrations by using known ion ions (luring the eclipse; both the NO* and
chemical reactions. The derived concentra- O' conentrations decayed while the
tions agree with other nitric oxide meas- NO' 'O ratio increased with solar obscu-
urements within the respective errors. ration. The long-lived meteoric atomic ions

The negative ion composition in both the were generally unaffected in the khort per-
quiescent and disturbed D region remains
unexplained. In quiet periods, negative o O

cluster ions dominate, but in the PCA the , " COVNTRATI S

major ions between 75 and 94 kilometers sON^, YKENSH A,- DAY

were 0- at night and O- in the d,,. ime. 00 NA ,IS.8 SW (19 7, 7,O SUNSE7

In light of measured associative detach- t .

ment reactions which can quickly destroy o -

0- and 0, it is ntknown how these ions o AQHI6

are so rapidly produced and'or endure to - N

become the p~redominlant species. Addition- 70t~~I9I

al work is clearly required in this area. so

50AURORAE: Positive ion composition 0°o,
measurements have been performed in in- PENS:.1,
tense aurorae during which toe high lati- N ntric oxide c-ncentratins dened t
tude E region is strongly perturbed by foml tiA meaxurvcnts nompartn wth

precipitating energetic electrons. Al- other mca.uuremen. inn,' determination%
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iod of the eclipse. A meteoric ion layer that pollutant species as molecular cluster pre-
was submerged prior to totality became cursors and appearance potentials of larg-
prominent after the molecular ions fully er clusters, and 2) The Aerodynamic Mo-
decayed at totality and produced a sporad- lecular Beam Facility at Arnold Engineer-

ic E layer at 105 kilometers. ing Development Center, Tennessee,
Negative ion composition measurements where free-jet expansions with much high-

near totality again showed the heavy neg- er source pr(ssures are utilized to produce
ative ion clusters predominant below 92 high concentrations of large molecular
kilometers. Relatively large concentrations clusters to study their chemical and physi-
of 0- O2, NO and NO3 were detected cal characteristics.
between 90 and 98 kilometers which were
only seen in the eclipse measurements and ROCKET MASS SPECTROMETER SAMPLING
which cannot presently be explained. CHARACT RISTICS: To reduce the currents

measured by rocket-borne mass spectrom-
CLUSTER STUDIES: AFCRL rocket-borne eters to ambient species number densities,

mass spectrometer measurements indicate a thorough knowledge of the instrument
that molecular clusters, and especially wa- sampling characteristics is .,,essary.
ter cluster ions, are responsible for some When this procedure concerns ion meas-
important chemical processes affecting the urementz, as compared to neutrals, not
composition of the lower ionosphere. For only mechanical kinetic effects but also the
example, the puzzling existence of free instrument electric fields influence the ion
sulfur ions (S') in the D regi)n appears to trajectorios. Thus a self-consistent, unified
be associated with water clLster ion con- process which solves for both the fields and
centrations. It has been prop)sed that ter- trajectories is needed, and this requires a
restrial sulfur-bearing sourc .s (e.g., SO2. lengthy numerical calculation. For the pos-
SO3 ) could be associatively reacting with itive ion instrument, several calculations
water to form agglomerates which are of this nature have been performed for the
more amenable to ionization than free sul- collisionless case.
fur, or other possible sulfur compounds.
Another suspected cluster-related reaction
is the conversion of NO' to water cluster
ions which was found to proceed rapidly in
the absence of sunlight, as demonstrated
in eclipse data. It is possible that reactions
with meospheric conglomerates are re-
sponsible for the observed fast depletion of
NO4 under these conditions.

The implications of these problems in

atmospheric molecular cluster chemistry
have also prompted investigations into
clustering reactions as pollutant sinks
which are of interest to the Air Force and
the Department of Transportation.

Research in these areas is presently be-
ing carried out via: 1) A molecular tbam/

The cryopumpxwt neutral ma. -pectrornete!r
free-Jet all: ,ratts at APCRL to study the .designed for rucket mensurements in the 50
equilibrium characteristics of dimers of to 140 kn range.

I

I2
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Electron Loss Daring a Nighttime PCA Event I. L. ( Phoy,'met., Inc., Lexington, Mass)
J. of Geophys. Res.. Vol. 76 (July 1971) (U) Atmospheric Turbulent Spect'i

Proc. or ARPA Entrainment Wk.ihp.. Riversde Res.
TAXKZA WA. S.. and TANAKA, Y. Inst, N. Y. (1971,SECR.r Rpt.)
Ab orption Spectrum of liD in the Varuum-UV Turbulnce Spectra Ohwrved in Passivr
Region. Rydberg States and l, izatim Energy ontam rah, Gases in the Upper Atmosphere
J. of Chem. Phys, Vol 56 (15 June 1972) Sp Re. Xl, \ -rlg Akad,, Berlin, Ger (1971)
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PAPERS PRESENTED AT MEETINGS 14th Ann. COSPAR Mtg., Seattle, Wash. (17 June-2
JUL' 1970 - JUNE 1972 July 1971)

The Low Altitude Densit :.earch
Satellites, Cannon Ball II and Musket Ball

BmsT, G. T., FoissENG, C. A., GowoMa, D., Fall Ann. Am. Geophys. Un. Mtg.. San Francisco,
Rosa.maza,, N. W., and Vicxay, W. K. Calif. (6-9 December 1971)
The Release of Iron Carbonyl into the
Upper Atmospher CHENOSKY. E. J.
DASA High ALt. Nuc. Eff. Symp., Stanford Res.
Inst., Menlo Pk., Calif. (10.12 August 1971) The Response of the Magnetosphere to

Sunspots as Indicated by Geomagnetic
Stormineu Levels

BrS?, G. T., FOmsBEG, C. A.. Hovmtm, H. S.. and 1970 Symp. on Upper Atm. Currents and Elec. FIds.,
RosENDF.ZG, N. W. ESSA, Boulder, Colo. (17-21 August 1970)
AFCRL SECEDE !! Optical Observations Time Delays Between Solar Fare Index
SECEDE Data Rev., Stanford Res. Inst., Menlo Pk., and Daily Levels ofWte Subauroral
Calif. (29 March-I April 1971) Geomagtetic Activity

52nd Ann. Am. Geophys. Un. Mtg., Wash., D. C.
Biar, G. T., and RouSsaltG, N. W. (12-16 April 1971)
Spectroscopic Studies of Barium Releases Changes in Sunspot Area to Number Ratio
SECEDE Sum. Study, Stanford Res. Inst., Menlo and Assciated Sub-Auroral Geomagnetic
Pk., Calif. (1--31 July 1970) Activity

53rd Ann. Am. Geophys. Un. Mtg., Wash., D. C.
CnAIloN, K. S. W. (17--21 April 1972)

AFCRL Planned Satellite Density Meajurements N H. A., Mc Imc, J. P. and Szuzr ;,B.,
Jt. AWS-CRL-ESD-SAMSO Wkg. Gp. on Density HAgsr6N, F. A. (Panamet., Inc., Waltham, Anss.)
Frecsting, Los Angeles, Calif. (23 March 1971) An Electron-.eam Ato.peric Density
The Properties of the Neutral Atmosphere n etronBea mt -Prenat
(Invited), 14th Ann. COSPAR Mtg.. Seattle, Wash. Breatsradung Ezperiment-Preli nary(17 une2 Juy 171)Rcsidts
(!7 June-2 July 1971) 53rd Ann. Am. Geophys. Un. Mtg., Wash., D. C.
COSPAR International Reference Atmospheres (17-21 April 1972)
1971
DASA High Alt. Nue. Eft. Symp., Stanford Res.
Inst., Menlo Pk., Calif. (10-12 August 1971) Popod Inter ionl Suppleentol
Low Altitude Density Satellites
TTCP Pan. FM-13 Mtg., Bermuda (18-21 October Atmospheres and
1971) Psd Interim Standard Atmosphere forLevels from 50 to 80 Kilometers

Intl. Stds. Orgn., Moscow, USSR (8-10 January 1971)
CHAMPION, K. S. W., and MA COS, F. A. Model ofEztsme Arctic and Subarctic Winter
Lower Thermosphere Density Variatizns Atmospheres Betioeen 20 and 90 Kilometers
Determined from Acceerv:,dters on the 14th Ann. COSPAR Mtg.. Seattle, Wash. (17 June-2
Cav.'on Bal II Satellite July 1971)
15th COSPAR Mtg.. Madrid, Sp. (10-24 May 1972)

CoIan, V ',, and KiztN, M. M.
CHAMPION, K. S. W., MAcos, F A., and Scattering of HF Radio Wats by
S" r u':Nvvmm, R. A. d6iptical Electro Density istributions
Atmospheric knsity Values from Orbital 1972 USNC/URSI-IEEE Spring Ytg., Wash., D. C
Drag on the Cannon Ball I1 and Musket (13-15 Aprl 1972)
Ball Satellites
15th COSPAR Mtg.. Madrid. Sp. (10-24 May 1972) Coism, R. V., and Sisaxawwn. N.

Climatic Eztremes for Military
LrMPION, K. S. W., and Mc ISAc, J. P. Equipment - MIL-STD-vOB

Direct Measurements of te Semi-Annual 1972 Ann. Mtg. of the Inst. of Envmt. Sci.,
Variation During 1968 N Y., N. Y. (30 April-4 May 1972)
14th Ann. COSPAR Mtg., Seattle, Wuh. (17 June-2
July 197.) FAIx, A. C.. CmAwrioN, K. S. W.. and MuarwY, E. A.

Variablity in Denity and Temperature
CHAMION, K. S. W., and cwmru , R. A. Masurement, at W tile Sands During t
The Mean COSPAR lnternatioWal Reference 1971 Winter
Atmospere 15th COSPAR Mtg., Madrid, Sp. (10-24 May 1972)
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FAlaU, A. C., and MuRtY, E. A. and Hawaii from Chemical Releams
Neutral Density and Temperature 14th Ann. COSPAR Mtg., Seattle, Wash. (17 June-2
Measurements July 1971)

n COSPAR Symp. on Nov. 1969 Solar Particle Event,
Boston Coll., Chestnut Hill, Mass. (16-18 June 1971) Gowm , D., GOoD, P E., and BAiLzY, A. B., Busa,

M. R., DAWRARN, R. (Arnold Eng. Dev. Ctr., Tenn.)
FAIRE, A. C., MuRPHY, E. A., and CHttmiom, K. S. W. Dirtera, Clusters, and Condennition
Simultaneous Rocket Measurements of in Free Jets
Upper Ats iere Density, Temperature Am. Phys. SOc. Mtg., Wash., D. C. (24-27 April 1972)
and Winds
Nati. Fall Am. Geophys. Un. Mtg., San Francisco, Goi, ma, D., and Krrnossax, D. F.
Calif. (7-10 December 1970) Temy .utures, Diffusion Coefficints
Neutral Density and Temperature Results and Densities Deduced from ALADDIN TMA
Obtained During Total Elipe of Releases
7 March 1970 53rd Ann. Am. Geophys. Un. Mtg., Wash., D. C.
14th Ann. COSPAR Mtg., Seattle, Wash. (17 June-2 (17-21 April 1972)
July 1971)

Goixa, D., Krrmossz, D. F., and JOHNSON, R. H.
FA1IR, A. C., MURPHY, E. A., and WzerLuND, C. B. (Photomet., Inc, Lexington, Mass.)
(Univ. of Utah) Thermosphere Structure Over Churchill
Densiy and Temperature Results from and Hauaii from Chemical Releases
AFCRL 10-Inch Micr.-G Falling Sphere 14th Ann. COSPAR Mtg., Seattle, Wash. (17 June-2
14th Ann. COSPAR Mtg., Seattle, Wash. (17 June-2 July 1971)
July 1971)

GOOD, R. E.
FORs, J. M., CAPT. Twilight 02(04.) Measurements
Evaluation of Upper-Atnwsphere Density 53rd Ann. Am. Geophys. Un. Mtg., Wash., D. C.
Models (17-21 April 1972)
Jt. AWS-CRL-ESD-SAMSO Wkg. Gp. on Density
Forecasting, Los Angeles, Calif. (23 March 1971) GooD, . E., and GOLOws, D.

Atomic Oxygen Profiles in the lowr
FoRsis. J. M.. CAPr., and GzuLza, M. A. (Univ. of Ill.) Ther pher
The Lunar Semidiurnal Variation in 15th COSPAR Mtg., Madrid, Sp. (10-24 May 1972)
0 1 (5577 A) Nightglow
Nati. Fall Am. Geophs. Un. Mtg.. San Francisco, GRAmA. D. D., and KANroR, A. J.
Calif. (7-10 December 1970) Probability of Encounternng Thunderstorms

at 50,000 and 60,000 Feet for Selected Routes
FnREAN, D. E. Over the United States

Least Squares Criterion for Approximately Int. Conf. on Aerosp. and Aeronaut. Met.
Characteristic Normal Vibrations of a Wash., D. C. (22-26 May 1972)

lyatomic Molecule
8th Aust. Spectros. Conf., Monash Univ.. Clayton, GRINGO~rMN, 1. I.
Victoria, Aust. (16-19 Aurist 1971) Mot ,ling Conditional Probability

Intl. 'ymp. on Probability and Statistics in the Atm.
Gtofti, 1. D., ZWMINXIAN, S. P., and K LNEnEA, T. J. Sci., h ,nolulu, Haw. (1-4 June 1971)
Calculation of the Effcts of Photochemi-try Hailstone Eztremes for Design
and Transport in a Water Vapor Oxygen Int. Conf. on Aeroep and Aeronaut Met.,
Atmosphere Wash., D. C. (22-26 May 1972)
52nd Ann. Am. Geophys. Un Mtg., Wash., D C
(12-16 April 1971) HALL, W. N.

Pola" Cap Integral e.-!les from N2
Goucms, D. Inten.ities
Simulation of Rocket Plume Radiation Fall Ann. Am. Geophy2. 11n. Mtg., San Francisco,
Enhancement in ."w De;. .iy Wind Tunnel Calif. (6-9 December 1971)
Symp. on Plume Simulation Techniques. AFCRL
(19 February 1971) HAL1, W. N.. and Lvw. J. W. F.

Polar Cap Optical Irdensitire During the
Gow . D.. and GooD, R. E. f Notember 1969 Solar Particle Et',nt
Atomic Ozygen Profiles Ovr Churchdil COSPAR Symp. on the Nov 1969 Solar Particle
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Event, Boston Coll., Chestnut Hill. Mas. (16-18 Numerically Modeling the ALADDIN I Experiment
June 1971) 53rd Ann. Am. Geophys. Un. Mtg., Wash., D. C.

(17-.21 April 1972)
HiGiNms, J. E., HALL, L A., and CHAGNON, C. W.
Atmospheric Absorption of Solar Extreme KENgHA, T. 3., tnd SWwpa, W.
Ultraviolet Radiation Diurnal D.Rw ion Models Using a Photochemical
15th COSPAR Mtg., Madrid, Sp. (10-24 May 1972) Computer Code and Current Reaction Rates

Conf. on Theoret. lonos. Models, Penn. State Univ.,

HiNznmitswm, H. E. Univ. Pk., Pa. (14-16 June 1971)

Far Ultraviolet Solar Irradiance and KzNEsHmA, T. J., ummm, S. P., and Gaowx, J. D.
the Solar CKCle
Inst. of Envmt. Sci., Los Angeles, Calif. (27 April Thi Latitudixal Variation of Major and

1971) Minor Neutral Species in the Vpper

EUV ,pectral Photometry for Aeronomy Atmosphere

Sem. Ser. on Top. in Atmn. Phys.. Harvard Univ., 14th Ann. COSPAR Mtg., Seattle, Wash. (17 June-2

Cambridge, Mass. (31 January 1972) July 1971)

Homxw, H. S. KmLN, M. M.
Scattering of Electromagnetic Wavefrovm

Lithium Chemistry in the Upper Atmosphere Stratified Plasmas at High Colliuion
53rd Ann. Am. Geophys. Un. Mtg., Wash., D. C. Frequencies
(17-21 April 1972) Am. Phys. Soc. Mtg., Wash., D. C. (26-29 April 1971)

HUnIEAN, R. E. KLEIN, M. M., and Rosnazmc, N. W.
Ultraviolet Absorption and loization Scattering of HF Radio Waves by a Spherical
Crots-Stions for Deposition Code Electron Cloud in the Prence of a Magnetic
Calculations Field
(invited), DASA High Alt. Nuc. Eff. Syrup., 52nd Ann. Am. Geophys Un. Mtg., Wash., D. C.
Stanford Res. Inst., Menlo Pk., Calif. (10-12 August (12--16 April 1971)
1971)

LUND, I.A.
HUrmAN, R. E., PAULsON, D. E., LAtuABss, J. C., An Appl-eation of Stagewise am( Stepwise
and CAIRNS, H. B. (Boeing Sci. Res. lab., Seattle, Reres, -t Procedures to a Problm of
Wash.) Estimating Precipitation in California
Decrease in D-Region 0 2 (1A.) Photoionization 52nd Ann. Am. Geophys. Un. Mtg., Wash., D. C.
Rates Resulting from CO2 Aboion (12-16 April 1971)
Natl. Fall Am. Geophys. Un. Mtg., San Francisco, Cleor and Cloud-Free Lines-of-Sight
Calif. (7-10 December 1970) T hrough the Atmophere

Intl. Conf. on Aeroep. and Aeronaut. Met.,
Iss, F. R. Wash., D. C. (22-26 May 1972)
Red'ced Matrix Elements and Representations
of Wave Functions MAC LrOD. M. A.
CNRS Mtg. on Theory of Atomic Structure, Campus Observations ofShort-Perod Ionospheric
d'Orsay. Paris, Fr. (8-10 July 1970) Neutral Motions
Symmetry Methodsfor Correlation in Atoms 52n Ann. Am. Geophys. Un. Mtg.. Wash.. D. C.
Rutherford Centennial Symp. on the Structure of (12-1b April 1971)
Matter, Univ. of Canterbury, Christchurch, N. Z. Horizontal Shear of Winds in the
(7-9 July 1971) Thermosphere

14th Ann. COSPAR Mtg., Seattle, Wash. (17 June--2
KATAYAMA, D. H., and HurmAN., R E. July 1971)
The Absorption Spectrum of HeO and D1O
in the 600-1050 A Region MAC LZOD, M. A., KENslitz.L, T. J., and N.aCtsi, R S.
Molecular Spectros. Symp., Ohio State Univ., A Cow.parwon of Theoretical and
Columbus, Oh. (2-16 June 1972) Experimental Ion Densty Profiles

for Project ALADDIN
KvNESna, T. J.. Gtoac:, J. D., and ZixuttuAN, S. P. 53rd Ann. Am. Geophys. Un. Mtg.. Wash., D. C.

The Vertical Dietribution of Some Atmoepheric (17-21 April 1972)

Species Obtained ronm a ChemiAry-Tranisir.
Theory M.os, F. A.
DASA High Alt. Nuc. Eff. Symp., Stanford Actelcrometer Density Resultsfrom
Pea Inst., Menlo Pk., Calif. (10-12 August 1971) the SPADES .atellite



it. AWS-CRL-ESD-SAMSO Wkg. Gp. on Density MuLAD, E.
Forecasting, Los Angeles, Calif. (23 March 1971) The Reactiont of N' With Nt
Atmospheric Density Vo'6%tione Between 1970 Ann. Mtg. of the Am. Phys. Soc., Div. of Elec.
160 and 250 Kilometers at. fiddle and High and Atomic Phys., Seattle, Wash. (25-25 November
Latitues 1970)
52nd Ann. Am. Geophys. Un. Mtg., Wash., D. C.
(12-16 April 1971) MUm&D, E., and MMER, W. B., II (Los Alamos Sci.
Results from the AF Cannon Ball II Lab., Los Alamos, N. M.)
and Musket Ball Satellites
Jt. AWS-CRL-ESD-SAMSO Wkg. Gp. on Density The Apparent Charge Exchange Reaction
Forecasting, Los Angeles, Calif. (7 March 1972) Between N and Ni

7th Intl. Conf. on the Phys. of Elec. and Atomic

MACU, F. A., and BLoEmXc, C. F. (N. C. S Collisions, Amsterdam, Hol. (26"S July 1971)

Univ.), BaDINasa, J. F., CONS"AMNZs s, E. (GCA
Corp., Bedford, Mas.) MURPHY, E. A., Zimutium, S, P., FAitz, A. C.. and

Results -fom the PCA 69 Chemical .Releas GARDNER, M. E.
E'z.rimets A Statistical Distribution of Wind Shear
COSPAR Symp. or, Nov. 1969 Solar Particle Event, and a Turidence C,-iterim from - So to 90
Boston Coll., Chestnut Hill, Mass. (16-18 June 1971) Kilometers

52nd Ann. Am. Geophys. Un. Mtg., Wash., D. C.

MAtCmS, F. A., and CHAMPION, K. S. W. (12-16 April 1971)

Gravity Waves Observed in High Latitude
Neutral Density Profiles NARCIsI, R. S.
14th Ann. COSPAR Mtg., Seattle, Wash. (17 June-2 Ion Composition Measurements in the
July 1971) Mesowpe and Lower Thermosphere
Cannon Ball II Satellite Ac'elerometer and Related Promsses
Density Measurements (Invited) Interdept. Comm. for Atm. Sci., Fed.
Fall Ann. Am. Geophys. Un. Mtg., San Francisco, Council for Sci. and Tech., Wash, D. C. (23 April 1971)
Calif. (6-9 December 1971) Mass Spectrrnimetry in the Lower Ionosphere
Variations of the Neutral Atmospheric Aeron. Sem., Univ. of Il., Urbana, Ill. (27-28 April
Density at Lou- Satellite Altitudes 1971)
1st Intl. Conf. on Aerosp. and Aeronaut. Met., Aeronomical Implications from Ion
Wash., D. C. (22-26 May 1972) Composition Measurements During

a PCA

MARcos, F. A., CHAMPION, K. S. W., and COSPAR Symp. on Nov. 1969 Solar Particle Event,
Fiowzrn, R. W. Boston Coll., Chestnut Hill, Mass (16-18 June 1971)

Lower Thermosphere Variations in the D2 Region and
Southern Hemisphere Negion nd
14th Ann. COSPAR Mtg., Seattle. Wash. k17 June-2 the D and Lower E Regions

July 1971)teDadLorERgin COSPAR Symp. on D- and E-Reg. Ion Chem., Univ.
of Ill., Urban, Ill (6-8 July 1971)

Mc Iswc, J. P., und CHA pio', K. S. W. The Lower laosphere-lts Composition,
Direct Measuremenats of the Srmi(A nnua! Structure, and eenoasreeognVariation During 1968 Sigma XI Reg. Lect., Bowdoin Coll., Brunswick, Me.
14th Ann. COSPAR Mtg., Seattle, Wah. (17 June -2 (12 October 1971)
July 1971) See.. Negative lows in the D Region

" Centre for Res. in Exper. Sp. Si., Yoi k Univ.,
Mc Is Ac, J. P., and PHII.DRICK, C. R. Toronto, Can. (3 November 1971)

" ,i Measurements of Atmrmpheric Sere.. The ,St"'e of D and E Regio-
Composition hear 400 Kilometers Thteory as Viewedfi~ ro -,n .portion

S14th Ann. COSPAR Mtg.. Seattle, Wash (17 June- 2 Mewrisrements

JU13 1971) Ctr. for Earth and Planet. Phys., Harvard Univ.,
Cambridge. Mau. (23 February 1972)

MC MAHION, W., tlZo1x, L., and HINTERM ., H. E.
Measuremert of 0e nergy and Ang-'lar NkitCIsi, R. S., BAILty. A. D., DZLLA LUCCA, L F.,

Didtri~ut, n of E UV Photoelectrons and PHILBtICK, C. R.
Emitted frm; Solids Ion Composition Meamsrements in the
Conf. on Ph-Amlec. and Sec. Emission. Univ. of Lotwr lonosphere Duirq the Nomemh r
Minn., MinneapoliW Minn. (18-19 August 1971) 1966 and March ;970 .Solar Eipes
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14th Ann. COSPAR Mtg., S" .ie, Wash. (17 June-2 24th Ann. Gu. Elec. Conf., Univ. of Fla.,
July 1971) Gainesville, Fla. (5-8 October 1971)

Some Nehtihve Sfr Ion-Moleea Reactiow
NkaXCI, I. S., Pmmmucx, C. R., GARDNXR, M. 11, 20th Ann. Conf. on Mau Spectrom. and Allied Top.,
and ITLWiCg, J. C. (Ionos. Phys. Lab.) Dallas, Tex. (4-9 June 1972)
Mesosgheri Nitric Oxide Concentrations
During a PCA I~i tCr C. ., and FAUCEnm, G. A.
52nd Ann. Am. Geophys. Un. Mtg., Wash., D. C.(12-16 April 1971) Neuhal Composition Momm~ment in

the ALADDIN I Program

53rd Ann. Am. Geophys. Un. Mtg., Wash., D. C.NACISI, R. S., PiILcr, C. R., MAC LZOD, M. A.. (17-21 Apil 1972)
and RomsN G, N. W.
Compovition Meaemure.men of Sporadic E
and lonfrom a Chemical Release PHLaIuCz, C. K., FAUCeRS, G. A., and Tucrusm, .
53rd Ann. Am. Geoph#s. Un. Mtg., Wuh., D. C. Rocket Mearumment, of Mewsoheri
(17-21 April 1972) and L~er Thermotpher Composition

15th COSPAR Mtg., Madrid, Sp. (10-24 May 1972)
NAKcm, . S., PNmLDmc, C. R., THOMAS, D. M.,
CAn., BAILt , A. D., WWoYKA, L. E., WIDxA, R. PrILSIUMx, C. I., FAUCNz, G. A., and WwDYxAt, R.
A., BArn, D. W., CAPT., Fa~nlico, G., and A.
GAzr a, M. E. Nnral Coposition of
Positivm Ion Composition Measurements th M avd Lower Thern oepmet
of the D and E Regions During a PCA COSPAR Symp. on D- and E-Reg. Ion Chem., Univ.
COSPAR Symp. on Nov. 1909 Solar Particle Event, of Ill., Urbana, Ill. (6-8 July 1971)
Boston Coll., Chestnut Hill, Mane. (16-18 June 1971)

NARCII, I. S., PHILSUtICK, C. K, ULWICK, J. C. PHiLwgCxc, C. R., Mc IsAAc, J. P.1 and GADNMa, M. E.
(lonos. Phys. Lab.), and GAkIrNn, M. E. Satellite Measurements of '. -:;;,on
Mewspherc Nitric Oxide Concentration and Density
During a PCA 52nd Ann. Am. Geophys. Un. Mtg., Wash., D. C.
COSPAR Symp. on D- and E-Reg. Ion Chem., Univ. (12-16 April 1971)
of Ill., Urbana, Ill. (6-8 July 1971)

PHILZIICK, C. R, NAR=CU, R. S., BAur, D. W.,
NAStatC, R. S., SRMA)N , C., PNILDRICK, C. R.. Cm., T i, B., and GAIX, M. E.
THOMAS, D. M., CAPT., BAlIEy, A. D., WLoDYKA, R. Saeli asm En of NeuEa
A., B& rtn, D. W., CAr., and FrZoaso, G. satetit h Me vrmnCt of NMwral

Negatiw. Ion Comnposition of the D and E Spectrometer
Regions During a PCA S5trometer
COSPAR Syrup. on Nov. 1969 Solar Particle Event, 15th COSPAR Mt., Madrid, Sp. (10-24 May 1972)
Boston Coll., Chestnut Hill, Mas. (16-18 June 1971)

PHILaRicz, C. 2. NARCI. R S., GOOD, K E.,
PAuLs N, D. E., Hurnw, R. E., and LARzwx, J. C. HorrxAH, H. S., k 4,A, T. J., and RztmacH, B.
Improved Phsotoinization RateS.fOr O2(1A) W. (Lowell Tech. Inst. Res. Fdn., Lowell, Mass.)
in the D Region The ALADDIN Exprietent-Part 11. Composition
COSPAR Syrp. of D- and E-Reg. Ion Chem., Univ 15th COSPAR Mtg., Madrid, Sp. (10-24 May 1972)
of Ill., Urbana, III. (6-8 July 1971)

QUMSADA. A. P., and MAC Liol), M. A.
PAUtBON, J. F. Diffuion in a Shear low: Tery and
Measurement of Rates of Rtactions of Oberations
Pbeiti'e Ions and Negative Iore with 14th Ann. COSPAR Mtg., Seattle, Wash. (17 June-2
Neutral Species July 1971)
ESD/AFCRL Sci. & Eng. Mtg., L. G. Hanscom Fid., The Deterrtiation of Diffusion Coefficients
Man. (3 November 1970) ina Searing Flow by Chemical Tracer
Reaetionu of I- with D, and Of Techniques
Conf. on Neg. Ions, Livrpool, Eng. (23-26 March Symp. on Air Poll., Turb. and Duff.,
1971) Las Cruces, N. M. (7-9 December 1971,
Some Negative Ion Reactions With Water The Determination of LVusion Cefficients
19th Ann. Conf on Mau Spectrom. and Allied Top., and Shears from Chemical Trails in Regions
Atlanta, Ga (2-7 May 1971) of flik Wind Shear
&tacti.,n of H- and D- with D,, Hs, and HD 15th COSPAR Mtg, Madrid, Sp (10-24 May 1972)



RAo, N. C. PR., and TAXASHMA, T. (Univ. of Calif., 82nd Mitg. of the AcousL. Soc. of Am., Denver, Colo.
Los Angeles), Moore, J. C. (14-22 October 1971)
Plotarimetry of the Daytime Sky During
Solar Eclipses Sisawtwz, N.
14th Ann. COSPAR Mtg., Seattle, Waah. (17 June-2 Evaluat ion of Design Climatology
July 1971) Am. Met. Soc., Boston, Mass. (17 February 1971)

Climatic Data, In-Flight Observations
Rosuzw3X, N. W. and Seeing Through thA Atmosphere
Morphology of Striation Deelopment (Invited) Envmt. Tech. Appi. Ctr., Wash., D. C,
SECEDE Surai. Study, Stanford Res. Inst., Menlo (5 March 1971)
Plk., Calif. (13-31 July 1970)
Observtion of Striation Onset in a Ba SWtIM, W.

Relet~ae EReion Model Barameters
52nd Anti. Am. Geophys. Un. Mtg., Wash., D. C. Conf. on Theoret. Ionos. Models, Penn. State Univ.,
(12-16 April 1971) Univ. Pk., Pa. (14-16 June 1971)
Chemical Releases in Aeronomy Chemical &ceitation Of0 2 049,) and
Ctr. for Earth and Planet. Phys., Har-ard Univ., 02 1 ) in Aurora
Cambridge, Mass. (17 January 1972) 53rd 7nn. Am. Geophys. Un. Mtg., Wash., D. C
Ionospheric Wind Fields During tMe (17-21 April 1972)
ALADDIN! I Experiment
53rd Ann. Am. Geovhys Gn. Mtg., Wash., D. C. SWIDER, W., and GARnNz~t, M. E.
(17-21 April 1972) Atmospheric Ionizat ion by Precipitation

Protons and Alpha-Particles
RosuiiaGc, N. W., and Ba, G. T. COSPAR Symp. on Nov. 1969 Solaf Particle Event,
Chemistry of High Altitude Bariu m, Ree Boston Coll., Chestnut Hill, Mass. (16-18 June 1971)
62nd Ann. Am. Geophys Un. Mtq., Wash., D. C.
(12-16 April 1971) SWInia, W., and 1FENKSHEA, T. J.

Electron Concentration Profi lea for PCA
RoSV4EZG, N. W., GowMu, D.. MAC LtoD, M. A., vnts
ZimMIRuAN, S. P., and THsoN, J. S. (NASA Goddard 1970 Intl. IEEE/G-AP Symp. and Fall USNiC/URSI
Sp. Flt. Ctr., Greenbe!t Md.) Mtg., Ohio State Univ., Columbus, Oh. (14-17

*7The ALADDIN Experinmsnt-Part IL Dynamics September 1970)

15th COSPAR Mtg., Madrid, Sp. (10-24 May 1972) The Ratio of Negative Ions to Etectron.

H. A, Ssaawnos N. an LENARD P. ~. 52nd Ann. Am. Geophys Un. Mtg., Wash., D. C.SA~uLAH. ., ISSEWI~, N. ad LEHAR, R W. (12-16 April 1971)
Preliminary Precipitationm Exceedance Rates Dira Variation. in the 1)Region During
for 1. 0, 0.5 and 0. 1Percent Risks Over PAEtt

&rop, Aia nd he Cntiuou UntedCOSPAR Syinp. on Nov. 1969 Solar Particle Event,
&MUSBoston Coll., Chestnut Hill, Mass. (16-18 June 1971)

Intl. Conf. on Aerosp. and Aeronaut. Met, Int n OMzAsip o
Wash, D C.(~.-6 My 172)Ctnerated in the Lower Ionospherye

SHERAN, ., ad NRCIS, R.~. ring a Solar A'-tan Event
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The Trailblazer 11 3n its launch pad at
Wallops island. Virginia. These heavily in-
strumented rockets mem.ure rsA'io transmis-
sion through the plasma theath as the final
stage achieves reentry velocities.



I|| Microwave Physics Laboratory

The work of the Microwave Physics Labo-
ratory is concentrated in several areas in
the field of electromagnetics which are
linked to well identified Air Force techno-
logical objectives in surveillance, recon-
naissance, communication and counter-
measures. To provide new electromagnetic
and electroacoustic technology to improve
Air Force operational systems, !he Labora-
tory performs research in antenna theory,
electromagnetic field theory, microwave
scattering and diffraction, radar sensor de-
sign, millimeter wave probing and map-
ping of the terrestrial and solar atmos-
pheres, plasma physics and microwave
acoustics.

Teams of scientists are working directly
with the Space and Missile Systems Or-
ganization on strategic defense problems.
Recent in-house work in acoustic surface
waves is presently being tapped to provide
false radar target generators for use as
missile penetration aids. Other efforts in

L
1 control of missile radar cross sections

using new theories of electromagnelic dif-
fraction and scattering, and alteration of
the reentry ionization gases 3urrounding
the vehicle, are also underway.

The AFCRL Synthetic Aperture Dual
Frequency Radar (SADFRAD) radar sys-
tem provides detection and location of sta-
tionary tactical targets in a foliage back-
ground while radar target identification
can be accomplished through use of the
Laboratory-developed phase signature
concept. These radar efforts together with
the development of a new antenna for
station-keeping radars are in answer to
technical requirements of the Aeronautical
Systems Division, Wright-Patterson AFB,
Ohio. The use of millimeter forward scat-
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ter radar to measure wind speeds and air the scatterer is much smaller than the
turbulence has bearing on the problems of incident wavelength.
the Air Weather Service (AWS). Daily Most radars operate in the optical re-
mapping of the sun with high resolution gion, where target scattering properties
millimeter radiometry will aid in solar are most complicated and most difficult to
flare prediction and directly applies to the interpret. The Microwave Physics Labora-
Space Forecasting P-ogram. Technical tory has found that the lower radar fre-
needs of the Electonic Systems Division, quencies and the resonant region are the
Hanscom Field, Bedford, Mass. have key to the airborne detection of stationary
spurred laboratory research into flush- or slowly moving military targets near the
mounted antennas designed for aircraft- earth's surface. At these lower frequen-
to-satellite communication links and for cies, the ground appears smooth and re-
space surveillance. The antenna problems fleets less interfering clutter energy back
associated with over-the-horizon radars to the airborne radar. Further, many mili-
are being studied because of the possible tary tactical targets exhibit a resonance
enormous dividends in performance im- effect at the longer wavelengths which
provement and cost savings, selectively improves the radar detectabili-

Such solutions for Air Force mission ty of such targets. The lower radar fry-
problems can come only from the reservoir quencies are also more effective in pene-
of knowledge and experience accumulated trating any natural foliage canopy that
during investigations in the high risk re- might ordinarily be used by the enemy for
search areas of basic physics and applied radar camouflage. HF and VHI' frequen-
electrom.,-netics. For example, early labo- cies have in fact been successfully used in
ratory studies of thin resistive films have two Laboratory-designed radar reconnais-
recently turned out to have direct applica- sance systems, the Resonant Region Radar
tion to a new radar camouflage technique. and the Synthetic Aperture Dual Frequen-
The Laboratory maintains strong efforts in cy Radar.
all those fields that provide the scientific
base for order of magnitude advancements LONG WAVELENGTH RADAR TECHNIQUES:
in the state of tie art. When lover frequencies are used in air-

borne radar systems, the reflecting pr( per-
ties of targets are greatly influence( by
the presenc e of the nearby earth. Both the
amplitude and phase of the signal hack.-

RADAR SYSTEMS cattered from the target depend on the
electrical conductivity and permittivity of

The electromagnetic scattering properties the earth, the height and orienta' ion of the
of a radar target are very complicated target above the earth, an(: the depression
functions of the frequency and polariza- angle through which the radar views the
tion of the incident signal and the orienta- target. An accurate understanding of
tion of the target itself. Three distinct these target-earth interactions is essential
scattering regions are usually defined: to the desig-,i, development and effective
They are the optical, the resonant and the utili-ation of low-frequency airborne radar
Rayleigh regions. These regions occur, re- reconnaissance systems.
spectively, when the scatterer ;s much The dipole serve. as an analytically con-
larger in size than the wavelength of the ,eriient and physically reasonable model
incident aignal, when the scatter.!r is about for many tactical targets at the lower
the same size as the wavelength and when radar frequencies. This stems from the
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fact that at these resonant frequencies, PHASE SIGNATURE OF THIN RODS
only the overall length and gross shape of
the target affect the radar return signal. 420'
Detailed features of the target's shape,
being much smaller than the radar wave- 390"
length, are unimportant. Recently com-
pleted studies of the reflecting properties 360'
of dipole targets near the earth's surface
have isolated those low frequency radar 0 3--
operating conditions that optimize the j I
multiple frequency letection of ground 300.-
targets such as missiles av& trucks. These ,
analyses also provide a convenient tool for 2701
interpreting multiple frequency amplitude j I
and phase signature characteristics such as 24
those presently being collected by the 0)
SADFRAD system.

Another result of some importance in 210
low frequency radar detection theory is a.
that the phase of the electromagnetic u) 180 . -_

fields scattered by cylindrical targets is
independent of the radar-target aspect 150
angle as long as the cylinder length is less
than a half-wavelength. The cylinder can 20 . -
be quite thick, up to half-wavelength. For
thin cylinders, however, the phase over a 90
particular part of this scattering region is
a simple but very sensitive function of the 60
cylinder length. This means that accurate Sp: , 2 io ) - 2 (f,)
measurements cf phase in the radar return 30 2 h : 0 5 meter
signal can be used to estimate the length a :0 01 meter
of such thin scattering cylinders or tar- 0gets. Experiments at the Laboratory's Ips- 0 30 60 90
wich Test Site and Scattering Range have
shown that as frequency is varied, the ASPECT ANGLE degrees)

Th," dual frequency phase s;gnature of a - - OG
thir rod with the incident f.eld polarized CURVE f ROD LENGT o
parallel to thc rod. The phase signature is
shown a a function of the aspect angle of .f 2
the rod. Curves A, and B are nearly straight _ MHZ1 meters
lines, showing that when the rod is les than 1
a half wavein length at the highest frequen- A 75 X/8 /4 4
cy, the dual frequency phase signature is I 0 /4 ) / 2
essentially independent of the aspect angle
of th, --id. The dual frequenc) phase signa- C 300 / x I
ture thus .epresentm a measurablie quantity

that is related to the physical characteristics 0 6 00 2 I /2
of the scattcrer regiress of the viewing E 900 5 / 2 3 /
angle

tJ
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shape of the amplitude of the field back- A series of tests on the ground-based
scattered from thin cylinders is also inde- RRR at Ipswich with Cessna type aircraft
pendent of aspect angle, not only in the helped define the system capabilities. The
Rayleigh region, but right through the aircraft flew in pre-arranged complicated
first resonance maximum. These two new flight patterns so that the observed scope
pieces of information on the amplitude and data could be correlated with the aircraft
phase characteristics of thin cylinders are orientation. Observers felt that the phase
important in radar design not only because signature color display, coupled with the
they provide quantities that characterize normal azimuth-range information, made
the size and shape of the scatterer but also it possible to determine the target's phyri-
because they are not dependent on the cal appearance and materially aided in the
target-radar aspect angle. more sophisticated task of target identifi-

The Resonant Region Radar was the cation. In addition, the color display
first of the two :ow frequency reconnais- proved to be a sensitive indicator of any
sance radars origina'ed by this Laborato- deviation of the aircraft from its track.
ry. Basically, the system consisted of an Laboratory scientists feel that the radar
HF monopulse phase co'niparison radar could have applications in Air Base de-
that yielded target azitruth versus range fense against low flying helicopters and
information as a display output. Two fre- other attack aircraft.
quencies were used to pro% de a character-
istic phase signature as a separate target CONTROL (F RADAR CROSS SECTION: An
parameter. The entire radar system was understanding of the manner in which
designed in-house, ground tested at the various objects scatter radar energy pro-
Ipswich test site, and finally flight tested vides the basis for controlling the back-
for over 100 hour- of airborne time. scattered energy. The Laboratory has long
Flights over the 1ADC Underbrush range had an interest in impedance loading as a
at Eglin AFB, Florida, proved the validity means for controlling the radar crc.s sec-
of the long wavelength detection philoso- tions of targets. Some applications, such as
phy on which the radar had been based. A telemetry-tracking, require an enhance-
similar radar system is now installed at the ment of radar cross section. Other applica-
Ipswich site where it is being evaluated as tions call for significant reductions in ra-
a ground-based aircraft detection system. dar cross sections so that an object is

One distinctive characteristic of the Res- invisible to searching radars.
onint Region Radar was its use of the Generally speaking, control can be
target phase signature. This concept origi- achieved by adding an auxiliary antenna
nat(:d at AFCRL but was developed for to the object. The antenna is then imped-
stationary - slowly moving targetq. The ance loaded in a manner that alters the
question was vhether the phase signature -verall scattering properties of the object-
characteristic of a moving aircraft target antenna combination. One limitation of
would be adversely affected by 'he target this method is that 'he frequency band-
motion and induced doppler shift. An anal- width, over which the loading is effective
ysis showed that even for such targets, the as a cross section control, is rather restrict-
phase signature is independent of motion ed. This is because the loading reactances
effects and remains as a unique target must have a negative slope as a function of
parameter. In the presert test arrange- frequency whereas reactive networks com-
ment, targets are displayed so that they posed of the usual linear, passive, lossless.
not only appear at their proper angular bilateral, lumped elements all have a posi-
and range coordinates, but in a color that tive slope with frequency. One method of
depends on their phase signature. avoiding these lifficulties and ittaining
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wideband control of radar cross sections TARGET,RANGE=R
ha,; been (lemonstrated during this report- VELOCTY (RADIAL)=V
ing period. The new method is based on a " RETURN SIGNAL
self-adaptive load that senses the incident REF SIGNAL
radar frequency and adjusts the loading to....... .... .. " * E COMB FILTER

some predetermined value at that frequen- . . ......
cy. In this way, a narrower control band is 0•BALANCED
centered at the desired frequency. The " -:- MIXER

tuning is accomplished electronically, read-
justment is rapid, the loads and associated. .......... ..... F PHASE SHIFTERS
control circuits are lightweight and corn- f .
pact, and the power requirements are
small. All of these are distinct advantages * ! * .
for missile or aircraft applications. G BUTLER MATRIX

ANALYSIS AND MODIFICATION OF THE I I I I
SPECTRUM ANALYSIS RADAR: The concept
of the spectrum analysis radar was devel-
opel in this laboratory and discussed in the
previous Report on Resen rch. A quasi-rnon- H DETECTORS
ochromatic noise generator serres as a RANGE GATE OUTPUTS
transmitting source. The sum .,i' the echo
signal from the target and a delayed refer- Among the many Spectrum Analysis Radar
ence signal from the transmitter carries all proccssing schemes dcveloped by the Lalo-

ratorv is this configuration that aids in the
th2, relevant target information. The pow- detection of high sj d target, at long

er spectrum of this sum signal exhibits a range. It uses a new type of spectrum anal-
modulation whose period is inversely pro- ysis technique for the non-stationary ran-

dom bignals returrwd from the target and
portional to target range. Peak detecting, provide: both range and range rate
filtering, and again spectrum analyzing
leads to an A-scope type range display. elude 1) ghost targets when the radar is
This system is simple to implement and viewing an extended multiple target envi-
possesses advantages especially in those ronment, 2) ghost targets when the arget
applications where the user is already ra- range is less than the equivalent range of
diating a noise signal for other )urp()ses the delay in the reference signal. 3) inter-
such as jamming. Laboratory tests of the nally generated ,elf noise that reduces the
Stectrum Analysis Radar demonstrated overall sensiti~ity of the system, 4) signal
that the system provides high range reso- masking by direct coupling of transmit
lution of closely spaced multiple targeLs, and receive antennas, and 5) inability of
high accuracy and the capability of micas- the sys;tem to detect rapidly moving tar-
uring range even at very close distances gets.
between transmitter and target. ScientisLs from the two laioralories
In an effort to make maximum practical have already proposed solutions for several

rse of this promising new radar lrincipl:. of these deficiencies. With some mnolifica-
scientists from both the Microwave Phys- tions in the spectrum analysis theory, the
nWs anod the Data Science Laboratories set noise radar can have all the propertie., of a
out to probe its deficienci(,s and define the true correlation radar. This means that 1)
limius of it, applicability. The team analy- ghost targ(-ts and self-noise effecLs cat b
si: outlined several areai and a)plications eliminated, 2) the systum can use an% sig-
in which problems could arise. These in- nil source and modulation (in'ludingt
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pulsed), 3) CW counter-jamming can be type of waves emitted by the Spectrum
reduced, and 4) the system response to Analysis Radar. One result of these studies
adjacent targets can be carefully con- is that under certain conditions, these
trolled, balancing resolution against am- waves can be thought of as the superposi-
biguities. These improvements have also tion of two independent waves. The first

made it possible both to detect and to wave is one whose vector direction is
determine the range and range rate of known with certainty but whose magni-
rapidly moving targets. Another result of tude is a random quantity. The second
these studies is a new sum signal proces- wave is characterized by the fact that it

sing technique incorporating multiple off- has no measurably defined vector direc-
set filters. This will aid in detecting fast- tion. This decomposition of the random
moving targets at long range and in accu- plane waves will be used to study those
rately determining both their range ani properties of the reflected wave which are
range rate. The scheme also provides some solely dependent upon the depolarization
suppression of system self noise. characteristics of the target.

It is clear from these studies that if one
wishes to extend the use of the Spectrum THE SYNTHETIC APERTURE DUAL FREQUEN-
Analysis Radar into some of the tradition- CY RADAR SYSTEM (SADERAD): The SAD.
al pulsed radar areas, he must be prepared FRAD system, partially described in an
to develop new kinds of data processing earlier Report on Research, is a unique
components. For example, the signal proc- airborne experimental radar reconnais-
essing needed to handle rapidly moving sance sensor designed and fabricated by
targets must be done in parallel rather this Laboratory in response to Air Force
than in the series arrangement used in needs. It may come to be cited as one of
most spectru'm analyzers. The capability to the most significant solutions to a difficult
deal with a range of target velocities re- tactical problem-the radar detection of
quires either multiple-offset local-oscillator stationary military targets hidden in a
frequencies or multiple pairs of filter high clutter or densely foliated environ-
banks connected with different offset frc- ment. Many of the radar studies men-
quencies. Elimination of ghosts and sup tioned earlier in this report come to bear
pression of a considerable amount of self on this problem. Terrain backscatter as a
noise can be accomplished by adding cir- function of frequency, attenuation of elec-
cuitry and doubling the number of filter- tromagnetic energy as it propagates
detection banks. Progress in integrated through foliage, and the radar cross see-
circuit development will undoubtedly (Ie- tion of a general class of tactical targets
termine the ultimate usefulness of the are just three of the interrelated parame-
several new signal processing techniques ters that were thoroughly considered in
proposed by this investigation, the SADFRAD design. The SADFRAD

A unique feature of the Spectrum Anal- system makes maximum use. of the envi-
ysis Radar is its utilization of electromag- ronmental properties to maximize target-
netic emissions that are of a random or to-clutter ratios. Theory and experiment
noisy nature. Laboratory scientists have both show that the energy backscattered
investigated the manner in which these from terrain diminishes as the radar olwr-
noisy electromagnetic waves interact with ating frequency decreases. The attenua-
standard radar targefs. There is particular tion of electromagnetic waves passing
emphasis on developing a new description through foliage also decreases with de-
of the polarization properties of wide crea-ing frequency. At these lower fre-
bandwidth stochastic plane waves--the quencics, a general cla ss of targets which
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tion. The target amplitude response at the
two frequencies is presented to the opera-
tor on two separate black and white TV

U monitors, while the phase signature data is
- - S displayed on a color monitor. These dis-

plays provide continuous radar strip im-
agery as a function of the azimuth and
range from the aircraft. The complete
SADFRAD system consists of transmit-
ters, receivers, synthetic aperture proces-
sor, displays, inertial navigation systems
and magnetic tape recorders, all installed
on an Air Force Avionics Laboratory C-121
flight test aircraft.

A comprehensive flight test program
was initiated in August 1970 and complet-

A C-121 flight test aircraft provided the ed in December 1971. It had the following
airborne test bed for the Laboratory-deve- four objectives: 1) to demonstrate system
loped SADFRAD Radar System. These HF- feasibility, 2) to determine the SAD-
VHF antennas were designed and tested in-
house and represent an optimum design.

includes those of tactical interest are reso-
nant sized and therefore produce maxi-
mum radar cross sections. All these rea-
sons led to the selection of HF and VHF
frequencies for the SADFRAD. The use of
such low frequencies for foliage penetra-
tion is a bold step undertaken by AFCIRL
and is approximately four octaves lower

than other Air Force foliage penetration
radars.

SADFRAD uses a focused synthetic
aperture to achieve high azimuthal resolu-
tion, two operating frequencies, and a new
signal processing technique developed at
AFCRL. An unusual feature of the SAD-
FRAD system is the capabiity to acquire
and display three separate pieces of radar
information for each target examined.
These three parameters, produced by the
first, all digital,focused synthetic aperture
processor ever to be pilaced on ioard in
aircraft are: signals proportional to h)th
the high and low frequency response of the
target and the target dual harmonic differ- Te n ure Ivrnx',ii i, :hv. h,.art

ential phae signature. This latter is a ntew. f SAFRA Z * ... 'rni :,l i :ne firNt

Laboratory-developtd radar observable arget rr.ali-tnwd o,l il tiid,,I tiret.-,rantiTrgct amid used to a'ha. in.tl:1tgt n u'. " t, , , -~~ano is used to assist in "arget identifica- ,.,j os: nht:gnct:, ' tap r,.,,wrl., r',

. -----. 4-
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FRAD's effectiveness in detecting tactical tactical targets previously mentioned. The
military targets, 3) to measure differential utility of this parameter in target classifi-
phase signatures for a variety of targets, cation and identification is being investi-
and 4) to obtain backscatter or clutter data gated. Since the use of backscatter data is
at frequencies for which there is no such extremely useful in the design and analy..
data. sis of new radar systems, a series of ter-

Based on the flight test results, the fea- rain backscatter measurements have been
sibility of the system has been conclusively undertaken with the SADFRAD System.
demonstrated. Quantitative radar data New scientific data have been obtained at
(low and high frequency and differential frequencies not previously investigated.
pha se) of selected calibrated targets have Also, the backscatter data have been ob-
been obtained in the following situations: tained for the variety of terrains men-
1) various clutter conditions including des- tioned above as well as open sea, rolling
ert, flat open, flat scrub, woods (foliated hills, farmland and mountains.
and unfoliated), single and multiple layer These test results indicate that the tech-
foliated canopy, and 2) various target nology associated with the SADFRAD ra-
orientations, ranges and depression angles. dar has made a significant contribution to

To determine the effectiveness of the solving current problems and provides the
system in detecting tactical military tar- Air Force with a new technique for detect-
gets, a series of experiments have been ing concealed targets in foliage in real
conducted at White Sands Missile Range, time under all weather conditions.
New Mexico; Wright-Patterson AFB, All airborne synthetic aperture radars of
Ohio; Jefferson Proving Ground, Indiana; the SADFRAD type are unable to locate
Eglin Underbrush Range, Florida; St. fast-moving targets of military interest
Marks National Wild Life Refuge. Florida.
and Fort H.ood, Texas. It has been demon-
strated that the system can detect a varie-
ty of tactical targets including: trucks,
truck parks, surface-to-air missiles, mobile
radars. tunks, self propellc(l howitzers, ar-
tillery. POL dumps, aircraft, and mobile
command posts under % arious clutter envi-
ronments, target orientations, ranges and
elevation angles. The clutter environments
have ranged all the way from desert and
flat open areas to pine woods and hard-
wood forests (medium to heavy (tensity)
and the multiple layer jungle type canopy
typically found at Eglin Underbrush and
St. Marks National Wildlife Refuge.

Early results indicate that the radar
system is performing etLter than expectedi
and that the complementary aspects of th, The SAII-RA!) d:aiday r, a unqur appica-
duai frcq unev radar philosophy greatly ,,ln ,of thc a, ,,f cIr t, ,itvrmir, targ.t

ampatuic and .iffur,.ntial pham Th, di4-
enhance tactical target dtect ion. pi) r,,nsvis of iv o black and % ht, mni-

Thr',ughout the entire test prg"-m, tar- td,. hocatoi at th, ti-p. and a color monoor

get differential phase signal tre r.dar data ;swa,-on the ioor, Target amphtude:nd
h art ad unci azimuth

has ben obtained for the general class of and rangtv fr,,m th,, urcraft
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such as low flying aircraft. New concepts tions. They are quite costly, complicated,
that will exploit the wide-angle search and their reliability must be unquestioned.
capabilities of VHF synthetic aperture ra- During the past several years, engineers
dars are under active investigation in the responsible for their development have
Laboratory. Expectations are that a new noted that, at particular angles, the array
technique for air-to-air surveillance, capi- radiation pattern exhibits nulls-that is,
talizing on the advantages of VHF reso- regions with no radiation. These nulls or
nant region, multi-frequency, phase dis- blind spots in the radar coverage were not
criminant radars, can be developed and predicted by the design theory and their
used to advantage in Air Force problems. occurrence represents an ,nomaly that can

seriously degrade the radar system per-
formance. Laboratory scientists are ap-
proaching this blind spot problem from

ANTENNA THEORY two directions. One approach seeks to un-
derstand the basic physical reasons for

In the previous Report on Research, the blind spots and includes mathematical
emphasis in antenna theor was placed on studies of array mutual coupling. (The
information processing schemes. Proces- blind spots are known to be caused by the
sors, incorporated into the antenna design, effects of interelement mutual coupling on
can be made to perform a multitude of the radiation patterns of the individual
mathematical operations on the antenna elements in the array.) The second ap-
signals. The result is improved perform- proach seeks to alleviate the blind spot
ance at the cost of increased complexity. problem by physically modifying existing
The Laboratory's 2 mm array is a case in phased array antennas. This means devel-
point. Four antennas with processing per- oping methods 'o provide better element-
form the same functions as seven antennas to-array impedance matching.
without processing. Progress to date in this latter area in-

Data processing, however, (loes not solve eludes the use of single and stratified (lie-
all the puzzles in antenna engineering. lectric layers and the placement of several
Some of the more classic problems require types of metallic fence structures in the
new techniques in applied electromagnetic antenna structure itself, between the ele-
theory. One such problem is the design of ments. The purpose of these fences is to
small, compact, flush-mounted intennas change the interelement mutual coupling
for aircraft. A 'er problem area re- and thereby control the blind spot effect.
volves about the intereiement mutual cou- The laboratory has studied the matching
pling effects in array antennas. Techniques achievable with these metallic fence struc-
to include these effects and to control both tures in a parallel plate array of open end
the amplitude and phase distribution of waveguides. Results show that the height
array elements are always in demand. of the fence clearly affecl the pattern null
New measurement techniques and compo- causing it to vary in depth and move albut
nent development go hand in hand with within the pattern structure. It is possible
new antenna designs. Laboratory Seien- to use such fences to move the blind spot
tists have made several significant advanc- to a region of the radiation pattern where
es in these areas of classicai antenna re- it has only a minimal effect on radar sys-
search. tem performance. With a fence height

greater than about half a wavelength, the
PHASED ARRAY ANTENNAS: Phased array blind sxt can e'en be totally eliinated

radars are tsed in many defense applica- from the element patte(rn. The fences haVC
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produces surface wave radiation and a
high gain pattern in the erdfire directions.

h 00 ANTENNAS FOR STATION KEEIMNG RA-
o\ h/X=05 DARS: Cargo aircraft and helicopters often

Z h/- 07 fly in groups or formations in which indi-
2U) vidual planes may be as far apart as 20

o 6 miles. Each aircraft must maintain a fixed
(n lposition with respect to other aircraft in

04 o the group and, under poor visibility condi-
tions, such capability must be provided by

ra station keeping radar set on board each
oL 02, aircraft. These radar systems require a

directional antenna whose beam is contin-
.. . _.--- ually rotated in the azimuth plane. In this

02 04 o6 08 0 way, each aircraft derives relative position

sin 0 information from all other aircraft with
cooperative equipment. The antenna
beamwidth in the azimuth plane must be

Metallic fence structures can be used to relatively narrow but, on the other hand,
change the element pattern shape of phased the pattern in the vertical plane must be
array radars thereby removing blind spots in quite broad to allow communication with
the radar coverage With no fence (h/ A
0.0) the element pattern has a 4 dB dip at aircraft in the group at different altitudes.
sine = 0.8. When a teace half-a-wavelength The Air Force presently uses the AN/
high is installed (hiN - 0.5). the dip becomes APN-169 radar set with an antenna con-
more pronounced and momes to the !eft
With a fence seven-tenths of a wavelength sisting of eight flared waveguide horns.
high (h/A 0.7). the dip or blind spot is Although this set provides the beam shape
completely removed from the element pat- and gain requirements for station keeping,tern. the antenna and its enclosing radome are

an additional advantage in that the phased quite large and can be used only on low
array, so modified, can be scanned over a performance aircraft. An Air Force need
wider range of angles, thus providing in- exists for a smaller antenna suitable for
creased radar coverage, higher performance aircraft.

Another new development in phased ar- Laboratory scientists have developed a
rays is a contractual investigation of con- new antenna a, ray of eight copper-plated
formal phased arrays. The requirement channel guide antennas which functions as
here is for high gain arrays that can be a surface wave radiating system. The ar-
flush-mounted in a cylindrical metallic sur- ray provides 17 dB of gain and each ele-
face, such as an aircraft or missile skin. In ment is about 1 inch in height. Including

addition, such an antenna must operate in proper spacings for mounting the arrays,
a conventional phased array mode for the antenna tprojcction is reduced from
broadside and near broadside directions more than 5 inches for the AN,'APN-169
but, must also provide high gain beams in to about 1.9 inches for the AT"CRL array.
the endfire directions. Thus, this dual- This difference in height results in consl-
mode phased array provides hemispheric ,:rable streamlining and reduces wind re-
coverage. The endfirc beams are provide, sistance. Even though the new antenna is
by covering the antenna and the adjacent smaller, it has all the electrical perform-
metal surface with a dielectric layer that ance of the larger antenna and, in addi-



69

tained when a phased array is placed at
the focal region of a reflector antenna or a
microwave lens. Phase shifters and a dis-
tribution network will provide the re-
quired amplitude and phase control at the
array faee. This effort promises to give the
efficiency and power distribution over the
scan volume which were missing in thei early designs.

The low-profile channel guide antenna (fore- A variation of this approach can be used
ground) was developed at AFCRL as a re- to provide high pin antennas capable of
placement for the AN/APN-169 Station-
Keeping Radar antenna (background). The multibeam and rapid scanning operations.
channel guide antenna is 3 nches lower and Large arrays require costly circuitry while
can be more easily streamlined for mounting
on high performance aircraft. large parabolic dishes suffer from aberr-

tion and mechanical inertia. A Laboratory
tion, this particular design provides maxi- contractor is investigating a compromise
mur gain at the horizon as well as nearly
constant gain over the whole station keep-
ing angular sector. Previous surface wave io .E P PAN A EAY

antennas mounted on cylindrical aircraft Z b - oy. 2.9

structures could not provide proper cover- 0 - .
age all the way to the horizon. The AFCRL A0

channel guide antenna is the first to do so 5° " IVVA ''o77
an(i thus serves both as a solution to this o 4long standing puzzle in antenna technolo- C RATING OBE

w . C. RATING .S

gy as well as an experimentally verified 1o - POINTS FCR MAIN

answer to the station keeping antenna
problem. 08 .04 0 04 08

LIMITED SCAN ANTENNAS: Ground con-
LSE,,

trol approach radars and synchronous sat- INPUT

ellites require high gain antennas thit can LSE, 0  C
be electronically steered through relative- INPUT b ,
ly .,,,4; cones (8-10 degrees half-angle).
Such antennas are called limited scan an- I .
tennas. A number of schemes have been K .
prox)sed which would couple the beam
scanning speed advantages of phased ar-
rays with the high gain properties of re- Waveguide higher order modes can be ,,.d
flector type antennas. So far, the only to obtain %canned element patterns withviable solutions have used phased arrays to suppressed grating lobe radiation. This -ure shows that the addition of a waveguide
scan reflector antennas anti these systems odd mode (LSE 11) to the fundamental way-
have been inefficient or unduly restricted eguide mode (LSE 10) shifts the hern ele-
in their scanning coverage. Lax)ratory ment pattern peak and the position of its

nulls. The addition of this odd mode whose
scientists are studying several alternate amplitude increases with scarn angle can
approaches to the.e limited scan antennas. more than double the allowed scan limits

One approach consists of a contractual while maintaining tolerable grating lobe lev-eli A magic tee hybrid (bottom) can be used
study of the limi~et, cone scanning oh- to excite the higher order waveguide modes
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solution using a large parabolic torus re- ating band. For example, the shape of the
flector with a small number of clustered radiation pattern and its beamwidth are
feeds. This approach has the advantage of two characteristics of log-periodic anten-
small aperture blocking and provides two nas which are relatively insensitive to fre-
dimensional scanning. A second design quency.
uses a double-spherical Cassegrain reflec- Although a single log-periodic antenna
tor. Geometric optics are used to examine has desirable broadband properties, it
the aperture blocking, the spread of the lacks gain and resolving power. To provide
field anJ the phase and amplitude distribu- these, one must consider large arrays of
tions. Scientists feel that although there is log-periodic antennas in two dimensional
no single optimum condition, a proper structures. Current laboratory efforts
combination of the subreflector and main center about optimization schemes for
reflector sizes, together with the correct such arrays-that is, finding ways to re-
positioning of the feed, can indeed produce duce the number of elements, to maximize
a promising antenna. the gain and resolving power and to broad-

A design for limited scan antennas pres- en the operating frequency range. Direct
ently being tested in-house uses relatively application of conventional numerical
high gain horn antennas as the elements ir methods in this optimization rapidly leads
a phased array. Even though such an arr, to saturation of available computer faclz-
produces the desired high gain, the radia- ties. New methods of linear antenna anal-
tion pattern structure has many grating ysis have been specially developed for the
lobes and these are undesirable. A suppres- optimization of large arrays of log-periodic
sion technique that consists of exciting the antennas. These methods, combined with
horn elements with higher order modes in approximate analytical methods, allow the
addition to the fundamental mode, causes antenna designer to make a thorough
a reduction in the amplitude of the un- study of the array radiation properties as
wanted grating lobes. This laboratory-de- a function of, for example, the spacing
veloped technique provides relatively between the dipole elements, the dipole
wide-angle, limited scan cones at high effi- heights and the spacing between the indi-
ciency and with a number of antenna ele- vidual log-periodic antennas in the array.
ments which is far less than that required Such theoretical studies will provide the
for the conventional phased array ap- basis for new design philosophies leading
proach. eventually to better operational antennas

that will make use of self-adaptive ele-
LOG-PERIODIC ANTENNAS: The Air Force ments, providing compensatio)n for the

currently uses large ground-based anten- phase front distortion and jKlarization
nas for over-the-horizon detection radars, changes c:.,sed by the ionosphere.
AFCRL was intimately involved in the
early research efforts that led to the,% NULL STEERING IN ARRAY ANTENNAS: An-
structures. Such antennas must have high tennas used in missile defense radars and
gain, good resolving power and should bw on military aircraft. and satellites must be
broadband in operation. This lattei re- secure against enemy jamming efforts.
Ouirement is a difficult one and has spurred Such problems are not restricted to mili-
antenna re-search in log-periodic dipole an- tary applications however. Antennas for
tennas. These antennas are characteried civilian use such ets those aboard commer-
by the fact that their circuit and radiating cial aircraft and at air)rts must be, de-
properties remain esstntially unchanged signed so as to minimize their interfcrenic(
for all frequencies within the radar's oper- with other antennas and nearby electro-
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of this design is to a search or tracking
array being jammed by a source whose
angular location is not accurately known.
Only the amplitude and phase of the array
elements need be varied in this method,
making it attractive for those applications
in which the pattern structure must be
rapidly reconfigured.

Arrays with steerable nulls also haN
applications in radio direction finding and
navigation. In these cases, the pattern

IM_ null, being usually much narrower than
the main beam, is used to locate an a;r-

Antenna arrays can be designed to have craft and indicate its azimuthal position.
radiation patterns with maximum gain and An earlier version of this work received
a controlled radiation level over .ome angu-
lar region. In this example, each pattern has the Lord Brabazon Award in Radar and
a 30 dB dip, maintained in the same location Navigational Aids from the Institution of
while the main beam is scanned from broad- Electronic and Radio Engineers in London.
side to endfire. Multiple independent mills
can be creaxd and steered by amplitude and
phase cor-rol of the antenna elements. SHORT BACKFIRE ANTENNAS: Short back-

fire antennas are efficient radiators of elec-
magnetic equipment. One of the methods tromagnetic energy and are attractive to
used in tihese Electronic Counter Measure antenna systems designers because they
(ECM) and Electromagnetic Compatibility are simple and compact. This novel anten-
(EMC) problems is control of the antenna na concept was first demonstrated by
radiation pattern. Array antennas are AFCRL in 1962. In 1969 the backfire an-
much more versatile than reflector anten- tenna was placed i production as the
nas in this respect. The pattern contro primary transmittini: and receiving anten-
usually consists of reducing or eliminating na for the Tactical Satellite Communica-
the jamming from a particular direction tions System (TACSATCOM). During this
by controlling the radiat> n intensity of reporting period, continuing research on
the antenna in the angular sector that this type of antenna has produced several
includes the jamming source. One would valuable new array designs. The new array
like to accomplish this pattern control antennas are built around the highly direc-
without seriously degrading the overall tive short backfire array element. Used as
array performance. a replacement for the more conventional

Laboratory scientists have developed a dipoles or slots, it offers several distinct
technique for designing arrays of wire advantages: 1) the number of feed ele-
elements which provides the maximum mentz in the array can be reduced wi~hout
gain and, at the same tinie, places one or an. loss in array directivity or pattern6 several independent nulls in the radiation quality. Arrays of dipoles or , 

. require
pattern. Foi example, the designer can use four to eight times as many elements to
two closely spaced nulls to reduce the provide the same performance characteris-
radiation level over some angular sector tcs, 2) the insertion loss of an array of
and hold this null region fixed in space short backtires is reduced because fewer
even while a maximum gain main beam is elements are used; this results in an etfec-
scann,-d all the way from the broadside to tive increase in array gain, 3) the array
cndfire directions. A practical applicatien construction cost decreases since less ma-
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terial is used, and 4) the weight of the transmitting antenna in a satellite teleme-
structure is reduced, a decided advantage try link between a research ship in the
in airborne applications. Pacific and the Navy Laboratories at New
Two arrays, one with 4 short backfire London.

elements, the second with 16, were con- The gain of the 16-element short back-
structed in the experimental phase of the fire array was measured as 25 dB. A con-
laboratory program. By varying the ele- ventionally constructed array with the
ment parameters, the arrays were opti- same gain would require more than 100
mized for maximum gain, or for lowest separately fed dipoles with a complicated
side and backlobe level, or for equal half- feed system and high cable losses. Based
power beamwidths in the E- and H-p;..:es, on this AFCRL design, several VHF ar-
or for equal beam shapes in the two prin- rays with the same configuration were
cipal pattern planes. The four element constructed and are now in use in NASA's
array develops a gain of 20.2 dB and can world-wide trackipg network.
replace a conventionally constructed mul-
tielement array of 32 dipoles. With design THE MILIMETER WAVE ARRAY: Described
data furnished by AFCRL, the U. S. Navy in earlier reports, this 28-foot linear array
Underwater Sound Laboratory has con- of four parabolic reflector antennas oper-
structed the first UHF 4-element short ates at a wavelength of 2 mm (140 GHz)
backfire array for talemetry and satellite and represents a laboratory thrust to the
communication. It serves as receiving and frontiers of antenna technology. Data

from the four elements are signal proc-
essed by a computer which both restores
and enhances the antenna output informa-
tion. The feed system for the parabolic
dishes uses lenses and mirrors so that the
millimeter wave energy is in fact treated
in much the same way as visible light.
There are no tried and true design meth-

3, ods in this frequency range. Laboratory

research, therefore, encompasses both new
component development and measurement

. techniques. Two advances, whose success
V was essential to the design and refinement

of the beam waveguide launchers and lens-
. V es used in the millimeter wave array arc

ale discussed below.
The first advance is in the measuremat

of the phase of millimeter waves in free
space. Using a reference signal of varying
phase, the new technique is a significant
improvement over the methods used at
lower frequencies. It has the advantage of

A 16-elenient short backfire antenna aray, simple fabrication and requires none of the
A conventionally construiletl array with the ' oscillators mixers, IF amplifiers and
same gain would reluire more thpn 100
separately ted dip)!.s. AFCRI, pionered m ( her equipment usually associated with
the development of this antenna tyjo) now phase measurement schemes. The varying
fin-ling widetspreml use throughout the
world phase reference signal is necessary I).-
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A schematic diagram of a new phase meaa-
urement technique for millimeter waves de-
veloped at AFCRL. The method uses a var-
iable phase reference signal propaga ing in
free space and orthogonal polarizations to
reditce interference between the test and
reference signals. Construction is simple and
requires no local oscillators, mixers or IF
amplifiers.

cause a flexible or movable waveguide more convenient and faster by adapting it
whose phase characteristics can readily be foe use on automatic measuring and plot-
measured is simply not available at milli- ting deviies. Laboratory scientists are cur-
meter wavC 'ngths. rently using it for the design of beam

The antennas for both the test and ref- waveguide components in the 2 mm band.
erence signals are located on movable plat- The second new development in the mil-
forms. As the test probe antenna is moved, limeter wave antenna program is a compo-
the reference antenna also moves and its nent, a conical horn using dielectric inserts
phase changes at a rate that can either be to provide wavefront correction. Impor-
calculated or measured. The difference be- tant requirements for efficient beam wave-
tween the total measured test phase and guide launchers or antenna feeds are that
the reference phase is the phase to be the E- and H-plane patterns be symmetric,
determined. In this novel arrangement, equal in width and have low sidelkbes.
the reference signal propagates over a free Standard methods for achieving these pat-
space path with the outputs of ti,,2 refer- tern properties include corrugating the
ence and test antennas connected in a feed-horn sides or designing special mode
magic tee. This mixing of the two signals launchers within the horn throat itself.
produces an interference pattern type sig- Unfortunately, however, as frequency in-
nal with nulls whose position, when accu- creases, the mechanical tolerances re-
rately measured, leads to a determinat;on quired in these methods are extremely
of the desired signal phase. difficult to obtain in practice. A new labo-

Experimentally %erified at 140 GHz, the ratory technique uses a simple conical horn
AFCRL )hase measuring hechnique is suf- and dielectric inserts to provide the desired
ficiently accurate to design and test anten- pattern shape. This design has yielded un-
nas and lenses at millimeter and even sub- usually good results for a 2 mm wave-
millime'er wavelengths. It can be made length and does not have any high toler-
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ance requirements. The new feed horn In response to Air Force needs, the lab-
assembly is now being used as the basic oratory is intensifying research into plas-
element on the beam waveguide launcher ma sheath turbulence and its effects on
of the millimeter antenna array. radio wave propagation. Turbulence ef-

fects are encountered on ballistic missiles
at altitudes below 100 thousand feet. In

PLASMA EECTROMAGNETICS this regime the flow fields around the
vehicle change from laminar to turbulent

The plasma sheath that forms around and the electron density, gas pressure and
reentering aerospace vehicles creates a temperature in the flow fields greatly in-
highly conductive and reflective barrier to crease over their values at higher alti-
radio waves. It seriously disrupts various tudes. Laboratory facilities will be modi-
electromagnetic radiatiag and receiving fled and upgraded to provide the capability
systems on board the spacecraft. Solution of simulating these low altitude reentry
of the plasma sheath problem is a goal 9f effects.
considerable priority in terms of projected The Laboratory's dual approach of
Air Force capabilities in ballistic missile gro'nd testing anti flight testing has
technology, space transportation systems proved fruitful for the design and pre-
and proposed hypersonic aircraft that. flight checkout of novel plasma diagnostic
travel at velocities above Mach 8. Disrup- techniques, the prediction of plasma
tive effects of the plasma sheath include sheath effects on antenna systems and the
radio signal attenuation, pulse distortion, development of promising alleviation
antenna voltage breakdown, radio n,",e schemes. A better understanding of the
generation and channel cross-mod iation. plasma sheath will lead to more realistic

Research efforts, ranging all the way design data fur the systems engineer and
from rocket flight tests to laboratory stud- more dependable aerospace communica-
ies of plasma media, are underway Any tions for the Air Force.
investigation of the plasma sheath entails
an intimate commingling of these theoret- ROCKET PIOGRAM: The rocket flight test
ical and exper, -ital research efforts. The program provides plasma sheath data un-
basic physic, ocesses occurring in the der actual flight conditions. Results are
sheath are not perfectly known. Theories compared with theoretical predictions and
are advanced, but of necessity are incom- simulation experiments with the ultimate
plete. Each rocket flight, in providing ex- objective of developing techniques that
pected and unexpected data, serves both to will alleviate the blackout effect on ram-o
verify and extend existing theories, transmissions to and from reentry ,

Major emphasis in the laboratory pro- hicles. An associated objective is to develop
gram centers on developing alleviation and flight test a variety of dependable
techniques (principally through the use of diagnostic devices that will provide: accu-
chemical additives) and designing diagnos- ra information on the ionized plasma
tic instruments to measure the in-flight properties du.-ing reentry.
characteristics of the plasma sheath. The The test vehicle is the Trailblazer II
successfui Trailblazer rocket flight of No- four-sfage solid fuel rocket. The first t%,,
vember 1970, which carried the third of stages drive the vehicle to an apogee of
the laboratory's plasma diagnostics pay- albout )W thousand feet; the remaining
loads, provided data against wh,-h theo- two stages accelerate the vehicle back
retical speculation and data fronm. future down into the atmosphere in a steep tra-
flights on plasma alleviation techniques jectory at a velocity of about 1 ,500 feet
will be compared. per second.



The altitude range of present interest is tion that the plasma-caused distortion of
100 to 300 thousand feet, and represents the antenna pattern varied from point to
two different plasma regimes. In this alti- point along the vehicle. There was no pat- I
tude range, there is sufficient atmosphere tern deterioration at the stagnation point
so that the passage of a hypersonic blunt but there was considerable distortion at
"body produces a shock wave. The air flow- the base of the vehicle.
ing across this shotk wave and around the Some nonlinear effects were also oh-
vehicle undergoes iarge heating effects, served. For example, antenna mismatch,
and in the descent to about 100 thousand decrease in mutual antenna coupling, and :1
feet, undergoes varioius changes. At the signal attenuation all occur at a higher
lower altitudes the dense external air altitude for high power signals than for
causes high temperatures and ionization low power signals. This high power signal
levels in the shock layer. In addition, the attenuation was so pronounced that, in
effects of heat conduction and viscosity are certain cases, the magnitude of the re- 7
restricted to a thin layer over the vehicle ceived lower powered signal was - tually
surface. At the initial high altitudes, how- greater than that for the high power sig-
ever, the low ambient density results in a nal. Using a sophisticated flow field analy-
weak shock wave with little ionizAtion, and sis that includes not only the usual chemi-
viscous effects are not confined to the im- cal nonequilibrium effects but also viscous
mediate reentry body area. This dive2rsity and vibrational factors, laboratory scien-
in the reentry plasma properties requires a tists were successful in predicting the sig-
variety of diagnostic techniques and ex- nal attenuation eff cts observed on the
periments. The rocket 1ight program con- test flight.
sists of two phases: 1) exensive measure- The three plasma diagnostics rocket
ments of plasma properties during reentry flights have also served to flight test var-
together with the measurement of plasma ious probes that will be a necessary part of -1
effects on both high and low power signals; the future plasma alleviation test flights.
and 2) utilization of the flight data from These devices include voltage switchable
phase 1 to select and design a system for
alleviating the blackout of radio transmis-
sions during reentry. , T ,,,, I

Phase 1 was completed with the third
Trailblazer rocket flight. The plasma diag- I - 2
nosti, data collected from this ind two
previous flights included the outputs from . .-
electroacoustic, electrostatic, conductivity I-,
and stripline probes. Measurements of an- I '
ten..a impedance mismatch, inter-antenna
coupling, antenna pattern distortion, and
plasma sheath attenuation on both high ...

and l(,w power signals were also carried .....
out. Most of these measurements were
made at three different locatio. s on the
reentry vehicle so that one can compare The flight trajectory of Trailblazer II. Afterthe effects of the thin high temperature separation of the launch vehicle, the reentry
plasma that exists at the stagnation point no:econe follows a typical trajectory to apo-
of the reentry vehicle with the cooler ex- gee, where it is propelid back down through

the atmosphere at a velocity of 17,500 feetparded plasma at the vehicle base. One per second. Flasma effects begin to developresult of this com' arison was the observa- blowv 30 kilofeCt.

I
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electrostatic probes that are capable of homogeneous, lossless plasma. The tran-

directly collecting both electron and posi- sient response of the electrical line. togeth-
tive ion currents. The ability to distinguish er with its filtering properties, are meas-
between these currents is important be- ured and related to the simulated plasma
cause planned alleviation techniques will properties. To date, the predicted and
lower the electron density while leaving measured plasma properties agree quite
the positive ion density unchanged. The well, Future work will include the effects
switchable probes also enable one to mess- of lossy, inhomogeneous and time varying
ure the boundary layer density at three plasmas.
different points above the surface of the A second reentry simulator utilizes an
vehicle. In this fashion, the effects of the afterglow plasma. A pulsed discharge pro-
various allevianta can be measured direct- dues a plasma layer over a number of
ly. flush-mounted antennas and probes. These

The first alleviation tecbnique consists include a nonradiating microstrip plasma
of injecting certain chemicals into the probe, an electroacoustic probe, single and
plasma sheath and was flight tested in double Langmuir probes and flush-mount-
June of 1972. The selection of the additive ed, cavity backed antennas. The planar
was based on extensive laboratory experi- geometry in this laboratory experiment
mentation with a large number of possible allows scientists to calibrate new plasma
injectants. Screening of potential alle- diagnostic devices such as the AFCRL-
viants entailed use of the in-house plasma- developed microstrip probe, against more
jet facilities complemented by a wind tun- standard devices such as the Langmuir
net flight simulation with a plasma covered probe. Such experiments often lead to dis-
model of the Trailblazer nosecone. The coveries of anomalous or unsuspected be-
additive finally selected was a high vapor havior in the probes themselves. One such
pressure, polyhalogenated Fre ,n. This discovery, a nonlinear behavior in the cec-
chemical I as superior electron at racting troacoustic probe, will be described in de-
and holding ability znd is also physically tail later.
suited for spacecraft use. Early results A third simulation scheme uses a direct
indicate that the injection chemical and current are-jet operating in pure nitrogen
technique were highly successful. and produces a high temperature gas flow.

Oxygen is added to the hot nitrogen in the
SIMULATION AND AL!EVIATION: Plasma throat of a nozzle and the synthetic air is

effects are studied on the ground by simu- then expanded to supersonic speeds. The
latin, both the ciectromagnetic and gas resulting gas temperature is typical of
dynamic propert ,s of the reentry plasma reentry conditions. Microwave diagnostics
sheath. Laboratory scientists currently use are then used to determine the plasma
three separate facilities to model the var- propee'ties. In addition, various chemicals
ious aspects of the plasma sheath which can be injected into the flow field to deter-
are of interest to the Air Force mission. mine their effectiveness as electron alle-

One plasma simulator us,;s no plasma at viants. Recentiy the effects of ablation
all. The device consists of a large number upon electron density were measured.
of lumped inductors and capacitors and Samples of heat shield material were f; ..

represents a reasonable approximation to ricated and the resulting matrix of carbon
a uniform transmission line. It is ,sd to cloth and binder %as dopwd with potential
study the propagation of electromagnetic electron alleviants. The ablative sampl,s
waves in a dispersive medium, and in this were "burned" in the synthetic air flow
sense, simulates a one-dmensional, linear, field and their effects ot electron densitv
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measured downstream. Pure tungsten and relating measured frequency shift func-
Teflon were found to e the ablators that tions with computer generated functions
best reduced electron density. for a variety of assumed electron distribu-

tions. In pulsed plasmas, including elee-
PLASMA DIAGNOSTICS: lRiable diagnos- tronegative gases, agreement between ex-

ties are a prime requirement in all labora- periment and theory within a factor of two
tory and applied plasma studies. Promising has been achieved.
new techniques and standard diagnostic Another probe type that has been suc-
methods under unusual conditions are cesafully used to measure plasma proper-
studied to complement the laboratory's ties surrounding the Trailblazer reentry
rocket flight program. Many times, diag- vehicle is the electroacoustic probe. The
nostic methods must be used in situations probe resonances are generally explained
where their performance is unknown. The by the trapping of electron waves between
scientist find. himself trying to measure a physical boundary, such as the rocket
the properties of the plasma medium, vehicle skin, and a critical plasma density
whose basic processes are not perfectly layer. The shape, position and amplitude of
understood, with diagnostic devices whose the resonant signal are strongly dependent
behavior cannot be perfectly predicted. upon the power density of the incident
For example, the use of chetm.ical additives probe signal. During a simulation experi-
to alleviate the communication blackout ment in the laboratory, ,cientists noted a
can result in plasmas with large negative nonlinear behavior in the electroacoustic
ion populations. Even though it was not probe. When the input signal power ex-
developed for this purpose, the electrostat- ceeded a certain threshold, high frequency
ic probe is used to measure such negative ospillations were superimposed on the nor-
ion concentrations. Few investigations of mal probe resonances. (This was the first
probe response in such plasma environ- time that such probe behavior had been
ments have ever been carried out. observed with the planar button-discharge

In laboratory experiments, electrostatic simulation scheme.) An experimental pro-
probe response is calibrated against micro- gram is now in progress to explain these
wave cavity perturbation measurements.
When there are no negative ions present
an(a the two diagnostic techniques are each
used to measure electron dlecay character-
istics, there is good agreement in the re-
suits. In electronegative gaseous plasmas,
however, the two techniques give electron
decay time constants that differ by factors
of 4 to 8. Scientists attribute these (lifter-
ences to the influ.nce of negative ions on 7
the response of the electrostatic probe. The
phenomena involved are under study using
mass and optical spectromet. .

Laboratory scientists have also dircov-
ered a new technique for measuring elec-
tron density distributions. It is built A reentry plasma simulation de'ice. It pn)-
aroun(d the microwave cavity erturbation vickm partially ionized. h'-, templrature.
methl but uses two or mc.re 'jamultanteous synthetic air and measures the efficiency of

the chemical additives. j 'w tn rNluee eec-proing filds. The appr,.wh involves cor- tron density in the [,hmma.
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understanding of the signal loss and dis-Itoition that occurs during the reentry
phase.

WAVE PROPAGATION IN A HOT MAGNE-
TOfPASMA: A hot magnetoplasma is a plas-
ma that is immersed in a magnetic field

., and in which the current density at one
point depends on the electromagnetic field
intensity at neighboring points. In addi-
tion, there is attenuation of propagating
electromagnetic waves even though elec-
tron-charged particle collisions (the usual
attenuation mechanism in plasmas) are
nonexistent. This collisionless wave damp-
ing is a distinctive phenomenon of hotA double probe technique measures the time magnetoplamas. It is caused by phase

dependent electron density during a non-
linear plasma interaction with a high power mixing that produces a transfer of energy
microwave field. This technique, together from the electromagnetic wave to a reso-
with microwave perturbation methods, nant group of particles. In addition, ener-
measures plasma parameters during labora-
tory simulations of reentry. gy dependent electron-neutral particle col-

lisions cause changes in the plasma atten-
nonlinearities. Scientists believe that ei- uation characteristics while the coulomb
ther simple electronic heating or violent forces between charged particles h .ve a
local ionization caused by trapped radia- pronounced effect on wave propagation
tion could be the causative factor. characteristics. Hot magnetoplasmas exist

A plasma-clad antenna may produce lo- naturally on the sun and in nuclear fusion
cal communication blackout conditions at reactions. However, the Laboratory's in-
much lower power levels than simple theo- terest stems from Air Force application-
ry predicts. This is caused by the presence related considerations. A possible allevia-
of local ionization that can drastically re- tion technique for reentry communications
duce the threshold power at which micro- blackouts consists of creating a magneto-
wave breakdown occurs. The mechanisms plasma about the reentry vehicle. When
of this lowered microwave threshold for a this occurs, transmission windows open
spatially dependent breakdown phenome- through the sheath allowing communica-
non, are under study. A microwave signal tions at particular frequencies.
is )ropagated through a waveguide section The Appleton-1artree equation, with a
containing a test gas. This signal causes no few modifications, is the usual means for
breakdown until it interacts with a dis- determining the propagation characteris-
tant, underdense plasma. Breakdown then tics of electromagnetic waves in such mag-
occurs-first at the plasma, and then pro- netoplasmas. Laboratory scientists have
gressively in time and space, toward the obtained the dispersion relations by solv-
source of the microwave signal. The nonlin- ing the Boltzmann and Fokker-Planck ki-
ear time dependence of the electron dep- netic equation using a variety of Fourier
sity at a given position is measured with a transform techniques and perturbation
variety of electrostatic and microwave schemes. Five elaborat,, computer pro-
cavity probes. A grasp of the physical grams have been developed. The attenua-
mechanisms irvolved wiil bring a greater tion constant and phase shift for plane

- 1 L -
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electromagnetic wave propagation can be shift and doppler spread measurements,
readily evaluated from a series of useful cross path wind speeds can be inferred and
graphs. Results of thia study show that for turbulent regions detected.
certain regimes, the theoretical expres- The laboratory also monitors the milli-
sions for electrical conductivity derived meter wave emission from active regions
from the kinetic model, differ greatly from on the sun. Large solar flares produce
those predicted by the usual simple, cold, density changes in the upper atmosphere
constant collision frequency model of a that in turn perturb satellite orbits. These
plasma. For example, when the signal fre- solar flares also change the characteristics
quency of a right-hand circularly polarized of the ionosphere and produce HF commu-
wave is near the electron cyclotron fre- nications blackouts. Observations of the
quency, the hot plasma effects, the velocity sun have been conducted for many years
dependent collision frequency and coulomb to derive criteria for predicting these solar
interactions all play a major role in deter- events.
mining the attenuation constant and the
phase shift of the wave. MILLMETER WAVE COMMUNICATIONS:

The rapidly increasing demand for wide-
band communications with global cover-
age has recently led to frequency alloca-

MILLIMETER WAVE PROPAGATION tions in the millimeter wave spectrum for
earth-satellite links. From experimental

The Laboratory's millimeter wave re- and theoretical studies already conducted
search program has two principal objec- by the laboratory, it is evident that the
tives. The first is to investigate the limita- major obstacle in utilizing these wave-
tions imposed by the atmosphere on prop- lengths is the high signal attenuation due
agation of electromagnetic energy at mil- to rain. Earth terminals located in rainy
limeter wavelengths. The second is to use regions would experience an unacceptably
the propagated wave as a diagnostic tool high outage time. In order to obtain a
to obtain information on lower atmospher- correlation between rainfall rate and the
ic structure and solar activity. Radar and attenuation of millimeter waves, a radio-
radiometric systems are used for these metric system operating at frequencies of
studies with the primary instrument being 15 and 35 GHz was located in Hilo, Hawaii,
the Laboratory's 29-foot millimeter wave a region that has heavy rainfall. Two
antenna at Prospect Hill, Waltham, Mass. methods were used (extinction and emis-

Millimeter waves interact strongly with sion measurements) to determine the total
the lower atmosphere. Atmospheric oxy- atmospheric attenuation and its depend-
gen, water vapor and precipitation all at- ence on zenith angle and rain rate. This
tenuate millimeter waves, and this has AFCRL progran- has been recently com-
resulted in limited use of short wavelength pleted and has yielded some of the most
in communications and radar. On the posi- quantitative rain attenuation data that
tire side, owever, this millimeter wave- have been obtained to (late. Some of the
atmospheric interaction has been partially early results show that for orographic rain
responsible for the emergence of a new with rates up to 50 mm per hour, 1) zenith
branch of ,siene called microwave mete- attenuations are well correlated with rain
orology. Microwave measurements of at- rate and can be accurately estimated frcm
mospheric emission lead to estimates of local rain rates, 2) attenuations at lower -

temperature, pressure, and water vapor elevation angles are not as well correlated
profiles. Through high resoludon doppler with rain rate, 3) attenuations up to about
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10 dB can be calculated quite accurately widespread light rain, separation of the
from atmospheric emission measurements, ground stations does provide a significant
and 4) attenuations at 15 and 35 GHz are improvement for the higher attenuations
highly correlated, making it po&ible to associated wLh heavy rain. A system out-
predict the attenuation at one frequency age occurs when signal attenuation levels
from the measured value at the other. reach 25 dB. With two separated ground

Heavy rain is generally quite localized stations, an outage can occur only when
and it may be possible to improve millime- this attenuation occurs at both stations
ter communication system reliability simultaneously. In the AFCRL experi-
through space diversity. That is, two or ment, two-station outage occurs only one
more ground terminals are spaced suffi- twentieth as often as it does with a single
ciently far apart so that the simultaneous ground station. The space divers;ty con-
outage time of all the terminals is accept- cept may well be the most direct way of
ably low. When one terminal experiences providing dependable millimeter commu-
heavy rainfall, operations are shifted to an nications.
alternate terminal. To determine the effec-
tiveness of this approach, two radiometric WAVE PROPAGATION IN RANDOM ME-
sun trackers operating at 35 GHz have DIA: The electromagnetic properties of the
been installed at sites near AFCRL sepa- atmosphere depend on the frequency of
rated by 7 miles and are operating on a the signal propagating through it. For
daily basis. From the data obtained thus signals of sufficiently high frequency, the
far, it is evident that while the improve- atmosphere becomes non-uniform and
ment due to space diversity is not high for takes on a structure in which the index of
the lower attenuations associated with refraction varies slightly from one point to

another in a random manner. Although
the average value of these variations is

a. zero, electromagnetic waves passing
through the atmosphere can ',-! strongly
affected. Detrimental effects include loss

- of coherence and spreading or scattering
!2 ,. ' -of the radiation coupled with a fluctuation

- in the intensity of the signals. Such behav-
ior is sometimes observable at optical fre-

- quencies, for example, in the propagation
of laser beams and also at millimeter
wavelengths.

-. 0Atmospheric scatteng also limits the
0 . data rate of millimeter communications

2 4 6 a to 12 14 16 is j
ATTENUATION 3 Ht Will channels. A laboratv,, Ltudy approaches

this reduced data-rate problem .ia the
A Laboratory program to measure the milli- scalar wave equation. The classical ap-
meter wave attenuation caused by heavy
rainfall was recently compllted and h&3 proach t propagation in a -tndom me-
yielded some of the moot quantitative rain dium with small fluctuations requires the
attenuation data that have ever been oh- so-called infinite Born and Rytov solutions.
tained. This satter plot shows the high
correlation of the attenuationa mea.miured A Laboratory scientist has succeeded ;n
simultaneously at frequencies of 15 and 5 eatablishing a closed form relation be.
GHz and makes it pouaibk to predict the tween the two and has used this result to
attenuation at one frequency from the
measured value at the other. analyze the propagation of a plane ii-

-'
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meter or optical wave through the flue- tains information on the above parameters
tuating atmosphere. The effects of multi- from radiometric and radar measurements
ple scattering are included in this analysis. at millimeter and short centimeter wave-
It has also been possible to compare the lengths. This technique is superior to con-
often-used first Rytov approximation to ventional methods, such as radiosondes,
the general solution and thereby establish for obtaini :g meteorological information
the range of validity of the approximation. in that data can be obtained continually
This work provides the basis for estimat- over wide and inaccessible regions of
ing the channel carrying capacity of a space.
communications link as a function of the The method for obtaining temperature-
state of the atmosphere. pressure and humidity profiles depends on

Another research effort provides a link the fact that the integral form of the
between beam spreading and the assumed radiative transfer equation relates the an-
statistics of the turbulent atmosphere. In tenna temperature to atmospheric temper-
analyzing this problem, one must use a ature, pressure, and humidity. One simply

realistic model to describe the random na- measures antenna temperature at several
ture of the atmosphere, and then find ways wavelengths near the oxygen line centered
to solve the resulting random differential at 5 mm, and then inverts the integral
equations that describe the propagation of equation to obtain the temperature-pres-
electromagnetic waves through the me- sure profile. Additional measurements can
dium. Two parameters traditionally used be made at the 1.35 cm water vapor line to
to characterize the turbulent atmosphere obtain the relative humidity profile.
are the inner and outer scales of turbu- Initial atmospheric observations were
lence. These bound the regions of the ener- conducted with a ground-based scanning
gy dissipation and creation mechanisms. radiometer to provide antenna tempera-
Although some studies of laser beam prop- tures over the frequency range from 50-60
agation have included the effects of the GHz Inversion of the data yielded temp'.r-
inner scale of turbu:ence, this new labora- ature-pressure profiles which agreed very
tory study clearly relates the dependence closely with radiosonde data. In some in-
of the wave-medium interaction on both stances temperature inversions were de-
the inner and outer scales of turbulence. tected. In order to obtain more accurate
One result of the study is that the effect of results, a new, more sensitive multi-c'san-
the outer scale of turbulence is quite sig- r.l radiometer has been constructed. It
nificant in many cases and may not be has four channels that observe and record
neglected. The analysis can be used with a simultaneously, three in the oxygen band
wide variety of source configurations. New and one at the water vapor line.
calculations, based on quantum field theo-
ry, are currently underway and will com- FORWARD SCATER RADAR MAPPING OF
plement this research as well as extend it THE TROPOSPHERE: The Laboratory has also
to the case of large fluctuations in the investigated a new technique for remotely
index of refraction. measuring the laminar and turbulent flow

of tropospheric air. A forward scatter ex-
REMOTE SENSING OF LOWER ATMOSPHER- periment conducted jointly by the Labora-

IC STRUCTURE: Various Air Force functions tory and the Canadian Communication Re-
require lower atmospheric meteorological search Center has been operatedA over a 500
data such as temperature-pressure pro- km path at a frequency of 15.7 GHz for the
files, humidity, cloud water content, wind purpose of measuring thes, parameters.
speed and turbulence. The Laboratory oh- The scatter mechanism arises from atmos-
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pheric refractive index inhorr. geneities I - ,
and is present at essentially all t. mes. The
cross path wind is related to the doppler
shift of the received signal and the doppler '5\ 33r0u, OHa,,
spreud is a measure of the degree of turbu- 3390 Gmt

lence that is present. Wind and turbulence 8 5' 54 05C 0i, -

data can also be obtained from convention-
al doppler backscatter radars; however, 7_ ' \
these depend on the presence of particu-
late matter such as rain or clouds to obtain
a detectable signal and thus cannot be 6- A

used for continual monitoring. Z(kt)n
The bistatic radar system uses narrow- 5..

beam transmitting and receiving antennas ,
(0.15 degrees) for large volume coverage ',

of the troposphere with high spatial reso- 4-
lution. Through simultaneous computer-,(o ,°

0 0
controlled beam swinging of both Pnten-
nas, measurements can be performed at
any point within a volume of air 200 km,,'\\ I
long, 100 km wide, over a height range 2- -
from 5 to 15 km. Systematic crosspath r-... 0° I Me" . P" " ..e

wind measurements over extended periods _j
of time have been demonstrated to agree
with rawinsonde data obtained in the vi- [ , j
cinity of the radio scatter link. In a num- 200 220 240 260 280 290
ber of cases doppler fluctuations were re- T (-K)

corded which strongly suggested that con-
siderable turbulence (CAT) was present in Lower at.mospheric temperature profiles can

be obtained from radiosondes and also from
the medium. These results will have to be radiometric and rmdar measurements at mil-
confirmed by aircraft reports. Apart from limeter wavelengths. Above, a temperature
the long range experiment a need exists to profile inferred from radiometric measure.

ments near the 60 GHz oxygen line is corn-
monitor winds very closely over more re- pared with a temperature profile measured
stricted areas such as runways, test rang- simultaneously with a radiosonde and the

es, etc. Based on the experience gained, mean temperature profile for the month of
Laboratory scientists are undertaking a December.

new effort to develop a system that will be processing will permit a simultaneous dis-
operationally useful to the Air Weather play of wind parameters from a series of
Service. AWS has the task of providing positions in space.
accurate and continuous wind measure-
menis over such areas. A short range bi- TOOSPRIC REFRACTIVE BENDING AT '

static scatter experiment is being conduct- LOW BLEATION ANOLES: A radio wave is
ed. 'New equipment design utilizing path bent or deflected as it passes through a
delay measurement techniques for spatial medium of varying refractive index such
re,':)ution is aiming at a reduction in as the troposphere. Since the refractive
equipment complexity, particularly a size index of the atmosphere generally de-
reduction of the antennas presently used creases with altitude, a radar target out-
i, the long range experiment. On-line side the lower atmosphere appears to be
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slightly higher in altitude than it really is Presently, two approaches are used for
and this difference between actual and obtaining refractive bending corrections.
apparent altitude increases as thb target First, radiosondes are launched to provide
approaches the horizon. In the past, angle a refractive index profile that can be tv3ed
error corrections calculated from various in a ray tracing computei program to
atmospheric models of the refractive index calculate the corrections. This approach,
were sufficiently accurate for most appli- while probably the most accurate availa-
cations. However, existing Air Force sys- ble, is expensive iince several radiosondes
tens that utilize high resolution precision a day must be launched. The second ap-
tracking radars and large antennas for proach is to estimate a refractive index
satellite communications require more ac- profile based on ground level meteorologi-
curate refractive bending corrections than cal parameters. In this latter case, the
are presently available. For example, a obvious question is: How good are the
radar observing a target at an elevation results achieved with any particular mod-
angle of 10 degrees would have to be el? This specific area is currently under
corrected for a refractive bending of ap- investigation.
proximately 0.1 degree which is large com- Most refractive index models are of a
pared to the millidegree capability of the single or multiple exponertivi form and, in
more accurate radars. Failure to accurate- general, all such models give roughly the
ly cor,'ect for this bending could result in same results for elevation angles above 10
height errors of several miles for orbital degrees. However, experimental verifica-
objects. Also, synchronous orbit communi- tion of model results at low elevation
cation satellites operate with a large num- angles is sparse, and does not exist for
her of ground stations that are often re- angles below 2 degrees. The Laboratory
quired to point at elevation angles less has undertaken a one-year experimental
than 15 degrees; satellite acquisition is a program, using the 29-Foot Millimeter4 difficult task if accurate refraction correc- Wave Antenna, to'measure low angle re-
tions are not available. fractive bending. With the sun as a target,

PROFILE AND SCAN MODES ALONG accurate measurements can be made down
TROPOSCATTER PATH to the horizon. The results of this experi-

mental program will be applicable for fre-
quencies ranging from 2 to about 50 GHz.

jit I~Very accurate data are collected at sun-
Ij rise and sunset, weather permitting, over

Ielevation angles from 0 to 20 degrees.
10. L ,These AFCRL results represent the only

- .measured data be!ow elevation angles of 2
•0 degrees, and are the most accurately meas-

/ ured data up to 10 degrees. Comparing the
/ -measured data taken over the dry New

England winter raonths with the results
0 (g) 200 t 4)redicted from different refractive index

oTTEA D:STANCE ((M) BOSTO models, the best fit occurs with the 1958CRPL Exponential model p.ofile.
A 500-km tropospheric scatter link is operat-
ed between a local Laboratory site and Otta-
wa. Canada. The volume common to the two SOLAR ACTIVITY: The radiation from the
antenna 'cams is moved in a raster scan sun is the prime energy source for the
mode to map winds and turbulence over a terrestrial environment. Variations in ei-
large region of the troposphere.

J
4'I
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ther the intensity or the spectral character approximately 1000 km below the region
of this energy produce corresponding emitting the 20-mm radiation. Combining
changes in our local environment referred both of these observations gives the rela-
to as aurora, HF communications black- tive intensity of the disturbance at two
outs, magnetic storms and polar cap ab- different heights and permits scientists to
sorptions. Because of the disrupti've nature make a three-dimensional assessment of
of these effects on communications sys- the structure of the active center under
tems, a world-wide program of solar obser- study. Analysis of such observations on a
vations has been in progress with the goal daily basis leads to an evolutionary profile
of developing a capability to forecast the of the disturbance which depicts the mo-

occurrences of the major solar disturbance, tion of the disturbance as it rises, falls, or
the proton flare. remains stationary in the chromosphere.

The proton flare is a vast explosive Preliminary analysis indicates that the
event occurring within the solar chromos- proton event situation is more likely to
phere. Its source of energy is the rapid occur when the millimeter signal intensity
collapse of a magnetic field that has been increases at both wavelengths simulta-
built up over a period of days or weeks. neously and exceeds certain statistical
The magnetic field confines a region of the thresholds. The solar observations are di-
solar plasma within an ever decreasing rected toward developing a forecasting
volume until an instability results, acceler- capability whose goal is the ability to pre-

ating the plasma particles to relativistic dict a proton event from 6 to 24 hours prior
velocities, and ejecting them outward. to its occurrence.

Since the proton flare is the final stage
of the development of a magnetically con-
fined ta sma condensation within the solar
chromosphere, a program for monitoring
this evolutionary sequence has been in
progress. Observations at millimeter way-
elengths are particularly important since
this wavelength radiation is emitted from
the sun's chromosphere, the seat of flare
activity. Millimeter wavelength radiation 74

is emitted by the plasma involved in the
magnetic containment process and propa-
gates through the remainder of the solar
atmosphere without attenuation.

High resolution spectral mappings of
the solar chromosphere are now being per-
formed with the AFCRL 29-Foot Millime-
ter Wave Antenna at wavelengths of 8
and 20 mm and will be extended to include
3 mm. These spectroheliograms are taken
daily and used to locate and catalogue
solar active centers. The use of two sepa-
rate wavelengths has certain advantages.
The 8-mm radiation is emitted from a This novel antenna feed for the Laboratory's
region of the sole atmosphere that is 29-foot Millimeter Wave Antenna producs

simultaneous collimated beams at frequen-
cips of 15.35, and 94 GHz.
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MICROWAVE ACOUSTICS

When AFCRL began its microwave acous-
tics program in 1958, it was almost alone in
the field. At the time, microwave delay
lines could be made only from piezoelectric
quartz and had high insertion losses.
AFCRL has pioneered in the development
of better materials and thin film transduc-
ers to reduce 0ie insertion loss of volume
wave delay lines. More recently, the Labo-
ratory has led the way in the generation
and detection of acoustic surface waves at
microwave frequencies.

Although the technology is relatively
new, acoustic surface wave devices have
progressed rapidly from their early use as
delay lines to performing sophisticated sig- Quartz surface wave encoder or decoder
nal processing functions such as correla- designed, fabricated and tested in the Labo-
tion and convolution. In addition, these ratory. These passive devices are generally

smaller than integrated circuit devices hay-
microwave acoustic components can per- ing (omparable bit rates.
form many of the functions of puraly
electronic devices and they can do it in nisms in the material: the conversion loss,
smaller packages, since the acoustic veloc- when an electromagnetic wave is changed
ity and wavelength are 100,000 times smal- to acoustic energy in the transducer; the

ler than the electromagnetic velocity and attenuation or propagation loss; the dif-
wavelength, fraction or spreading loss; and the loss due

This new technology may well cause the to beam steering. Laboratory efforts are
replacment of a sizable percent of elec- underway investigating each of these loss
tronic circuitry by electroacoustic compo- mechanisms.
nents. Severa laboratory-developed devic- The losses have been measured with an
es are already under study for Air Force AFCRL-developed laser probe technique.
use in communication, navigation, surveil- The surface wave acts as a moving diffrac-
lance, and electronic countermeasures. tion grating that deflects the laser light

into a numidr of sidelobes at angles pre-
ACOUSTIC SURFACE WAVE LOSSES: One of scribed by scattering theory. This deflected

the basic objectives of the Laboratory pro- light is then detected by a photomultiplier.
gram is to obtain acoustic surface wave The exponential decay of the surface wave
delay lines and signal processing devices energy was obser ,ed by scanning the laser
with the minimum insertion loss and the beam along the aco,,qtic propagation path,
maximum bandwidth. Theoretical and ex- while the diffraction .preading and beam
perimental studies have already led to the steering effects were observed by scanning
discovery of two new orientations of lith- a finely focused laser spot perpendicular to
ium niobate which have losses lower than the beam. The anisotropy of piezoelectric
other known acoustic surface wave sub- crystalline substrates causes beam steer-
strates. Such discoveries require a detaiied ing although there are certain special sym-
understanding of the various loss mecha- metry axes along which there is no beam



86

steering effect. The orientation depend- .PLATE CRYSTALLINE

ence of the velocity and the beam steering NORMAL AXIS

angle for all known acoustic materials E SURFACE
L WAEOUTPUT

has been computed and assembled A p PROFILES TRANSPUCER
in the Microwave Acoustics Handbook w
(AFCRL-70-0164). ER (3-" .

One of the newly discovered orientations INPUT . ' ,' " 'o
of lithium niobate has higher piezoelectric TRANSDUCER ' e AS-

coupling and lower heam steering than CRYVALLNE

any previously known t tation. Labora- AI

tory scientists fabricatec. a 1.13 GlIz delay
line using this orientation. The device hasa bandwidth of 10 percent, and is also Schematic representation of how diffraction

spreading, propagation loss, and beam steer-
perfectly matched without the use of com- ing (power flow at angles other than # - 0)
plicated external matching networks. This cause the surface wavt energy generated at
last feature, coupled with the fact that the input transducer to be reduced at the

output transducer. A Laboratory research
precision X-ray orientation of the crystal is program is directed to understanding and
not required, means that such u delay line measuring these losses in order to minimize
can be inexpensively mass produced for their effects.

Air Force ECM and signal processing ap- ments with quartz, lithium niobate and
plicativns. bismuth germanium, in which these ther-

Diffraction spreading effects are quite mal phonon effects were effectively "fro-
complicated in anisotropic media, much zen out," verified this theory. Both the
more so than in isotropic materials. Labo- insertion and the propagation losses are,
ratory scientists have recently solved the however, temperature dependent. The
complex mathematical problems associat- temperature dependence rf the transducer
ed with anisotropic materials and can pre- insertion loss was eliminated in these ex-
dict the diffraction spreading effects. The periments by the invention of a novel
laser probe technique experimentally veri- three-transducer method. This enabled
fies their predictions. One early result of scientists to measure only the temperature
these studies is the discovery of an orien- dependence of the attenuation loss. Such
tation of lithium niobate in which the experiments with surface waves propagat-
crystalline anisotropy can be used to re- ing along the X-axis of Y-cut quartz pro-
duce diffraction spreading effects. This sec- vided verification of a long accepted vis-
ond new orientation has the highest pie- cosity model that can now be used with
zoelectric coupling and lowest diffraction confidence to find new low-loss orients-
spreading of any known material and is tions.
particularly well suited for delay line. The energy of an acoustic surface wave
with time delays substantially exceeding is concentrated within about one acoustic
10 microseconds. wavelength (about 4 micrometers at 1

The Air Force has need of long time GHz) of the transducer surface. High pow-
delay devices at gigahertz frequencies. er fluxes have been used to demonstrate
Propagation losses are the major impedi- non-linear effects such r-i harmonic gener-
ment to their attainment. AFCRL has im- ation and mixing. A theoretical analysis of
proved the quality of the optically polished the selection rules governing the interac-
surfaces of the substrate to the point tion of two intersecting beams showed the
where attenuation is limited mainly by possibility of single-sideband mixing and
scattering from thermal phonons. Experi- beam deflection. This latter effect will be



useful in building electronically variable tion preamble for coordinated multiple ac-
delay lines and frequency analyzeis. The cess systems or to transmit information. In
low acoustic velocity attainable with his- a communications application, the encoded
muth germanium oxide (Bi 12GeO20) makes information would be amplified and trans-
it very attractive for compact, long delay, mitted to a correlator )r decoder (a mirror
time delay lines, image of the encoder) fabricated with the

To resolve conflicting published results same photolithographic master on a
concerning the values of the elastic, pie- matched quartz substrate. The encoding-
zoelectric and dielectric constants of decoding process increases the signal-to-
Bi12GeO20, AFCRL scientists have con- noise ratio and gives anti-jam protection.
ducted an exhaustive study of this materi- These surface wave devices have the
al. Over 45 samples of material grown by advantages of being compact and light-
three independent sources were tested. weight, and in addition, dissipate very lit-
The piezoelectric constant was determined tie power. The 12 micrometer wide
using three different techniques. In addi- chrome-aluminum lines were etched on a
tion, the first accurate measurements of quartz substrate by means of the same
the dielectric constant of Bi12GeO20 at mi- photolithographic techniques used to make
crowave frequencies have been made. The integrated circuits. The expectation is that
material constants resul.ng from this sur- mass production techniques will make the
vey and a detailed study of the loss mech- cost of these surface wave devices compa-
anisms, have all been published. rable to those of integrated circuits. These

10-megabit/sec surface wave devices are
SIGNAL PROCESSING WITH ELASTIC SUR- generally smaller than integrated circuit

FACE WAVES: AFCRL has recently de- devices having comparable bit rates. In
signed, fabricated, and tested new acoustic addition, the latter require watts of DC
surface wave devices for use in encoding power to operate, while the surface wave
and decoding binary information. These devices themselves require no auxiliary
devices were first requested by and subse- power supply, as they are passive. The
quently delivered to the ,',)mmunications design of these devices requires the exten-
and Navigation Division of RADC. sive information on piezoelectric coupling,

In these devices a digital pulse or infor- beam steering, arid diffraction loss summa-
mation bit is used to generate, by neans of rized in the recently compiled Microwave
an acoustic surface wave interdigital Acoustics Handbook.

transducer, an elastic surface wave pulse The Laboratory has pioneered in the
that propagates on a piezoelectric Y-cut generation of surface waves at frequencies
quartz substrate. This propagating pulse as high as 5 GHz. It may soon be possible
has a center frequency of 70 MHz or 100 t, fabricate surface wave ,evices at much
MHz depending on the spacing of the lines higher bit rates than is possible with inte-
of the transducer. As the "information bit" grated circuits. The size, speed, and power
propagates along the X-axis of the quartz, advantages of surface wave devices make
it is detected either in phase or ovt of them very attractive for use in satellite
phase by pairs of interdigital transducer communications systems with or without
taps spaced 100 nanoseconds apart. This multiple access requirements.
corresponds to 7 wavelengths at 70 MHz
(or 10 wavelengths at 100 MHz). This de- MAGNETIC SURFACE WAVES: A magnetic
tected sequence gives rise to a bi-phase surface wave is defined as a magnetic
modu'ated pseudo-random code that may disturbance along the surface of a satura-
then be used directly as the synchroniza- ted ferrimagnetic crystal--such as yttrium
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iron g .rnet (YIG). Energy is transferred surface plane and propagate at a velocity
along the surface from one lattice site less than that of the bulk wave velocity.
within the crystal to a neighboring one via In a magnetic wave, the magnetization
the quantum mechanical exchange force vector precesses about a de magnetic bias-
between electron spins. The characteristics ing field with the tip of the vector describ-
and properties of such a mode of propaga- ing an elliptical path in a plane perpendic-
tion were predicted by AFCRL scientists ular to the 3urface and to the biasing field.
in 1969. Since then, the theoretical work The relative elastic displacement of a lat-
has been extended to include coupling of tice point, due to a propagating Rayleigh
magnetic waves with acoustic surface acoustic surface wave, undergoes a similar
waves. This work is being augmented with elliptical motion. Unlike surfacc acoustic
experiments, waves, however, magnetic surface wave

Macroscopically, the magnetic surface propagation is non-reciprocal, dispersive,
wave shares certain common features with and tunable via the biasing field. These
the Rayleigh acoustic surface wave. That properties can be used to advantage in
is, wave amplitudes decay rapidly within a constructing microwave signal processing
few wavelengths from the crystal surface devices such as isolators, circulators,
while successive phase fronts lie in the switches, variable delay lines and filters.

31 BIT SURFACE WAVE ENCODER

., __ I-I TRANSMI

PULSE IN 70 MHz CODE OUT

- -,Sr.s" -

: BIT SURF4CE WAVE DECOCER

'<A!A _RECEIVE

7U-.

Encoding and sub4Mluenly decoding a 5 ns
pulse. The device used is a multily taPled
quartz surface v.ve delay line. buch labora.
tory-developed .evices were rluestcd by
and delivered to the Communications and
Navigation Division of RADC.

A
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Both magnetic and acoustic surface waves
are compatible with integrated circuit
technology.

DIELECTRIC RESONATORS IN MICROSTRIP
CIRCUITS: Microwave integrated circuitry , .

offers the system engineer several distinct -

advantages. Devices can be sm2z, light-
weight and both simple and inexpensive in
construction, There are, however, some de-
ficiencies in electrical performance. For
example, microstrip resonators are subject
to coupling and radiation losses and these
factors result in a low quality factor (Q,,).
One can use conventional cavity filters
with microstrip lines but then the space
and weight advantages are lost. Past Re-
ports on Research have discussed the Lab- A microwave standing wave surrounding a

high dielectric resonator. A resistive backed,oratory's role in the development of high cholesterol, liquid-crystalfilm on a thin my-
dielectric constant resonators. When these lar substrate is used as the display mecha-
resonators are used with microstrip lines, nism. It is possible to detect.either the clec-
it is possible to maintain a small package tric or the magnetic field component by

varyi.rg the conductivity of the resistive
size and, at the same time, produce a high backing.

QL, narrow bandwidth microstrip multi-
L .* _ plexing system.

Scientists have used this design philoso-
phy to develop a 96-channel C-band mi-
crostrip filter. Each channel has a 3 dBI ~ bandwidth of 10 MHz; the total module

° "has a band coverage of almost 16 GHz. The
substrate material presently used is alumi-

r .na; and beryllia will also be tested. This
r, r -latter material has the advantage of being

( 1an excellent heat conductor and this will
, lend temperature stability to the miiro-

strip filters, This type of multiplexing
module is capable of fast spectral analysis,

:an asset that is particularly important in
satisfying current Air Force needs in mis..
sile electronic countermeasures.

A 10-channel C.band dielectric resonator fil- The dielectric resonators themselves are
ter. Ten strontium titanate disk resonators still under study in the laboratory. These
couple microwave energy from tf.. termi- novel devices can under certain excitation
nated feed line to individual output branch-
es. The output signals are detected by small conditions, exhibit many overtone modes
Schottky Barrier Beam Lead diodes (black that may be undesirable in some applica-
pills with white dots). The substrate materi- tions. The mode structures can be observed
cl is alumina giving a filter babndwidth of 60
MHz at a center frequency of 4500 MHz with the unaided eye using a thermo-
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graphi-technique. A resistive-backed thin Uses and-Limitation. of Miatipzy
chbIestedrohqui4.rystalAin that:detects Tapped ce-Wavr Del Lin,.

th - . m n or b 'A l EEE~fans. on Son. and Ultrison., Vol. SU-18t m agnetic orthe eletric (or (January 1971)compni iits is used. The conductivity of

the,icaistive backing determines the field CLxvzv$p, F. H., MAJ., and Kzaxwurs,, N. P.
component that is observed. This same A Technique for Measuring Phase at Millimeter

be se. IEEE Trans. on Micr. Theory and Techniques, Vol.
toldetect standing wave structures along MTF!9, No. 4 (April 1971)
microstripcircuitry and also, the compli-
cated modes of ferimagnetic materials. Pz VITO, P. A., MA.
Such visualization of the dielectric resona- Uses and Limitations of MultiAy Tapped

Surface-Wave Delay Linetor mode strudture will aid scientists to IEER Trmn on Son. and Ultraon., Vol. SU-18
better understand and control the over- (January 1971)
tones in the resonator devices.

Dz Vrro P. A., Mm., CARR, P. H.,K Asms, W. J.,
and SWLAt J. If., is., TSGT.

• t Encoding and D'ecodirg with Elastic Surface

[A'|ARTILESPrec. of the IEEE, V61. 59, No. -10 (October 1971)

SU LY,1970- JUNE, IM DAna, C. J., and Mc ILVaM4A, J. F.
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Antenna Array with an A uiliary Condition"
High Resolution Millimeter Refletor Antennas Radiotekhnika i Elektronika, Vol. 15, No. 8 (August
'EEE Traiis. on Ant. and Prop. (July 1970) 1970)

BuzsnzAu, A. J., and CAMI P. H. FALcoNx, V. J., J.
Pedfomance and Applications of Microwave Atmospheric Attenuation of Microwave
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in MgO J. of Mitt. Power, Vol. 5, Is 4 (4 December 1970)
J. of the Phys. and Chem. of Sol,, Vol. 81, No. 8(;AugU~t 1970)T( T tu )eof FAsc0mz, V. J., Ji., WuLISBEzz, K. N., and
The-Tempurature Dependence of Wh, Attenuation GrioS
of Micmwave Frequency Elastic Surface Waves Grr~oN, S.
in Quartz Atmospheric Emission and Absorption at
Appl. Phys. Ltrs, Vol. 18 (1971) Millineter Wavelengths

Surface-Wave Attenuation at Microwave Rad. SeL, Vol. 6, No. 3 (March 1971)
ZW U si: Part Il-Temperature FAn, t L.

IEEE Trans. on Son. aad Ultrason., Vol SU-18 Prpation of Electrmagnetic Wav-.s in
(Janusvy 1971) a Simplified Nonliwer Gas

J. of Appl. Phys., Vol. 42, No. 11 (October 1971)
CAn, P. H.
Interacti o Behocen Noncownear Fmnr, P. L, and GAxacnn, I., Yos. J. (Aveo Corp.,

d I R 4 Wave' Wilmington, Mas.)
IEEE Trmns. on Son. and Ultrason., Vol. SU-18 High PoAer Attenuation on Peentrg 1ehicles
(January 1971) AIAA J., Vol. 10, No. 8 (March 1972)
The Effect of Temperature and 4apyer Shft
on M erfarmance of l tic S. rfMee HA JEs, D. T.
Wave E n.r n and DecodUi The Meaning qf Kato's Formulas for Upper
IEEE Trans. an Son. and 1t97o,)Vol. 3.-19, No. and Lower Bounds to Eigenvaluto of
8 (July 1972) Hemitian Phrator.

Can. J. of Phy,., Vol. 49, No. 2 (January 1971)
CARR, P. H., SP.BOHnK, A. J., n., SzA,, T. L. Limits to the Accuracy of the Cohen-Feidmanto
CAPT., D% Virw, P. A., IT.Lu, and FimNau, S. B. Boun-d. on Eigenvoalues of Hermitian Operators
(A? Acad., Colo.) Can. J. of Phys, Vol. 49 (15 November 1971)
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Phase Phoerties of Backscattercd Fields Lab., White Oak, Md.)
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Brester Angle and the Einstein Velocity
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Reduction of Mutual Coupting Ustug 1 rf~cty Am. J. of Phys, Vol. 39 (September 1971)
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Upon Microwave Antenna Performance
Proc. of the 4th Plasma Sheath Symp., NASA

MALONEY, L. P., MAJ. Langley Res. Ctr., Hampton, Va. (13-16 October
Microwae Reentry Communication Rocket Flight 1970)
Tests
Proc. of the 4th Plasma Sheath bymp., NASA SCIEU, AL 0.
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Uk-rowave Acoustic Resonawce in Thin
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(January1971) Dusseldorf, Ger. (31 Adgust-4 September 1970)
GaAs Aeotic Surface Wave Propagation
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Wave Dev ices
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1970 IEEE Ultraon. Symp., San Francisco, Colif. JAcAvANCo, D. J.
(21-23 October 1970) Experimental Determination of Ectron
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SFALCoNE, V. J. Ja. (8-10 April 1971)

Bayesian Estimation of Temperature Prfiles
from Passive Microwave Measurements LAmm~xs, U. H. W., and DAY, J. W. B. (Comm. Res.
1971 Fall USNC/URSI Mtg. and Intl. IEEE/G-AP Ctr., Ottawa, Ont., Can.)
Symp., Univ. of Calif., Los Angele3, Calif. (21-24 Comparison of Turilent Layer Models
September 1971) and High Resolution Forward Scatter Results
Remote Sensing and Kalman Filtering 1970 AGARD Mtg. on Trop. Red. Wave Prop.,
1972 USNC/URSI.IEEE Spring Mtg., Wash., D. C. Dusseldorf, Ger. (31 August-4 September 1970)
(13-15 April 1972)

L uwws, U. H. W., and Ox.'n, I. L. (Comm. Res.
FALCONE, V. J., JR., and MANO, K. Ctr., Ottawa, Ont., Can.)
Statistical Methods of Indirect Probing Doppler Meaumrements on a Long Range

p of the Atmwsphere 16GHz Bitatic Scatter Link
17th EPF/AGARD Symp., Electing. Wave Prop. 1972 USNO/URSI-IEEE Spring Mtg., Wash., D. C.
Panel, AF Acad., Colo. (21-25 June 1971) (13-15 April 1972)

HAYEs, D. T., MAcx, IL B.
Electrostatic Probe Measurements of the
Fww Field Characteristics of a Blunt Body Properties of the Phase of Backboattered
Reentry Vehicle Fields of Finite Circular Cylinders (invited)
5th AIAA Fluid and Plasma Dyn. Conf., Boston, Electing. Gp,, Div. of Eng. and Appl. Phys., Harvard1Ma. (26-2a June 1972) Univ., Cambridge, Mass. (14 April 1.71)

Hes soviv, S, B. M&cx, P. B., and GoR., B. B.
Liquid Additiesfor Blackout Alleviation: A Vf-Adaptive M ethodfor Wide-Band
Physical Factors Control of Radar Cross-Scctions at VHF
4th Plasma Sheath Symnp., NASA Langley Pes. Ctr., 1971 AFSC Sci. and Eng. Syrp., Dayton, Oh. (5-7
Hampton, Va. (13-15 October 1970) October 1971)

- *1
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IMAILUX, R.J. Ann. Mtg. of the Opt. Soc. of Am., Ottawa, Ont.,
A Study of the Use of Conducting Fences Can. (5-8 October 1971)
for R*ducing'Mutual Coupting Synchrotron Radiation as Evidence Against the
20th Syimip. on USAF-Ant. Res. and Dev., Un!v. of Ritz Emission Theory
Ill. at Urbana-Cliam'pign, Urbana, 111. (13-15 N. E. See. Mtg.-of the An, Phys. Soc., Boston Coll.,
October 1970) Chestnut Hill, Mass. (14-15 April 1972)
Surface 'Waes and Anonalous Waves on
Phaied Arrais withCondit;ng.,ees PAPA, R. J.
1971 Fall USNC/URSI.Mtg. and Intl. IEEEiG-AP Review of Probtems Associated With
Symnp., Univ. of.Calif., Los Angeles, Calif. Communicati.n Through Plasmas
(21-24 September1971) (Invited)
Blind Spot ccurrence in Phaed Arrays . 1970 Intl. ]FEE/G-AP Symp. and Fall JSNC/URSI
When to Expect it and How to Cure it Mtg., Oh. state Univ., Columbus, Oh. (1--17
IEEE Oct. Conf., Chicago, I. (18-20 October 1971) September 1970)

MALONEY, L. R., MAj. RAO, K. V, N.
Micromave Reentry Communications Rocket Decay of Low Pryessum Neon Aftprglows
Flight Tests 2nd Arc Synup. of the Am. Phys.Soc., Hartford,
4th Plasma Sheath Syrup., NASA-Langley R Ctr., Gonn. (20 October1970) 23rd Ann. Gaseous Elect.
Hampto, Va. (13-16 October 1970) Mtg. of the Am. Phys. Soc., Hartford, Conn. (21-23October 1970)

MANO, X. Electrostatic and Microwatv Probing of
Low Pressure, Neon, txygen and Neon Oxygen

Multiple Scattering in the Watv PropagaLtion Afterglow Plasmas
Through Random Mfe ia Plasma Phyc. Mtg. of the Am. Phys. Soc.,
1971 IntL Symp. on Ant. and Prop,, Tohoku Univ., Wash., D. C. (4-7 November 1970)
Sendai, Jan. (1-3 September 1971)

Rn11 , W.
MAVROIDES, W. G. Studies of Reentry Plasma Sheath Effects
Weather Profiles Uving AFCRL S-D Radar Upon Microwave Antanna. Performsance
MIT Lincoln Lab. Airborne ev. Storm Surv. Sum. 4th Plasma Sheath S)mp., NASA-Langley Res. Ctr.,
Study, Barnstable, Mos. (7 August 1970) Hampton, Va. (18-15 October 1970) IEEE Gp. on

MAnt. and Prop., Boston Sec., Boston, Mass. (19
Mc ILVANNA, J. January 1972)

Masimization of the Gain of Arrays Subject Microwave Measurementa of Flow Field
to Pattern Constraints Characteristics at the Stagnation Point of
Electing. Rad. Sem., Harvard Univ., Cambridge, a Blunt Reentry Body
Mans. (1$ November 1970) 5th AIAA Fluid and Plasma Dyn. Conf., Boston,

Maximum Gain and Null Stering in Array Mass. (26-28 June 1972)

Ante nas
Boston Chap. of the IEEE Mtg., Boaton,.Mass. (19 BCHe- u., A. W.April 1972) Beam Waveguids for Millimtter Wave

Antenna Feeds
IEEE G-AP G-MTT Mtg., Ga '.,,% of Tech.,

MERRY, J. B. Atlanta. Ga. (18 November 1 J70)
Matgnetoelaatic Theory of P1 Nucear Acoustic Engineing Salary Trends
Besorance in Antjfervmagnctic RbMnFs Boston See. of tho IEEE Gp. on Ant. and Prop.,
'1971 IEEE Ultrason. Symp., Llami, Fla. (6-8 Waltham, Mass. (14 December 1970)
December 1971) Recent Deepments in Mlcmw

Antenna,
Nzwnuqrm, . G. 1971 Eur. Mier. Conf., Stockholm, Swed. (23-23.
Brewjtqr's Ang,-and the Einstein Vekcy August 1971)
Compoiition Law A Miltimeter Ware Interferomneter With
Sen.sire de Phy, ique Theorique, Institut He~zi a Beam Waveguide Feed Network
Poincarv, Paris, Fr. (2 October 1970) 1971 Intl. Sjnip, on Ant. ard Prop., Sendai, Jap.
Proptsed OlpicaI Asuremmtnt of the Brewste" (1-3 September 1971)
Angle as a Test of Special Relativity Teory
Colloq., Nay. Ordn. Lab,, White Oa% Md. (13 ScumuDs, J. K.
November 1970) A Note on the Polariation Poperties
A First Order Effect in Moving Anisotropic of Stochastic Electromagnetic Plane
Media Waves of Arbitrary Bandwidth
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95

1970 Intl. IEEE/G-AP Symp. and Fall USNC/URSI Sz.Ao, T. L., CAPT.
Mtg., Oh. Stalve Univ., Columbus, Oh. (14-17 Surface Wave Losses Through Aluminum
September 1970) Thin Film Gratings
Wideband Radar Camcuflage 1971 IEEE Ultrason. S.ymp., Miami, Fla. (6-8
ICBM Pen Aids Wkg. Gp,, SAC tHq., Offutt AFB, December 1971)
Neb. (29 July 1971) Anisotropic Acoustic Surface Wave

Diffraction
SCHNDLR, J. K., and Blwcxswnr, P. IEEE Reflec. Mtg., Boston Chap. of the IEEE,
Wideband Radar Cainoujlage Properties of Boston, Mass. (11 April 1972)
Absor4ing Clovds
U. S. Air Staff, Wash., D. C. (15 July 1971) SZABo, T. L., CAPT., and SLOwtfni, A. J., JR.

The Effect of Difraction on the Design of
SLEITEN, C. J. hficrowoavs Acoustic Surface Wave Devices
Needed: New Techniques and Concepts in 1970 IEEE Ultrason. Symp., San Francisco, Calif.

Electrm c umbesaad n (21-23 October 1970)
Oh. State Univ., Columbus, Oh. (28 January 1971)

TELFo RD, L E.
7 SWBODNIK, A. J., J. Low Angle Troppheric Refraction MeasureentsSLOBD~i, A.J.,JR.at 8.6 Millimeters

Surface Wave Attenuation at a . ilmtrracwave Ateuion t1971 USNC/ULSI-IEEE Spring Mtg., Wash., D. C.MicLRmave Frequnies: (8-10 April 1971)L. Room Temperature
1970 IEEE Ultrason. Symp., San Francisco, Calif.
(21-23 October 1970)
Acoustic Surface Wave Investigations andI Devices for Air Force Applications
ESD/AFCRL Sci. & Eng. Mtg., L. G. Hanscom FId., TECHNICAL REPORTS

Mass. (3 November 1970)
Acousto-Optic Light Diffraction ad Devices JULY 1970 - JUNE 1972
(Invited Talk), Boston See. of the IEEE Gp. on Son.
and Ultrason., Boston, Mass. (17 March 1971) ALMSHULMR, E. E.
Design Curres for Bi1, GeOso Spiral Correctins for Tropopheric Range Error
Acoustic Surface Wave DelayLines AFCRI-71-0419 (2 July 1971)
1972 IEEE G-MTT Intl. Mier. Symp., Chicago, Ill.
(22-24 May 1972)

An Artifloid Transmission Lincefor Studies
SLOBODNIK, A. J., JR., and SnIIARES, J. C. Af Transm ion in for Stdie
The Elastic, Piezoelectric, and Dielectric AFCRit72-0055 (24 January 1972)
Constants ofBismuth Germanium Oxide
1971 IEEE Ultrason. Symp., Miami, Fla. (6-8
December 1971) BURAK, M.

Pointing Calibration of a Iligh-Resolution
SLOBODNiK, A. J., JR., and Swo, T. L., CAPT. Millimeter-Wave Antenna by Star ObservationsSLOODNK, .J, J., nd T~e, T L. CAT.AFCRL-71-022 (29 March 1971)
Design Data for Microwave Acoustic Surface
Wave Devices
1971 IEEE G.MTT Intl. Micr. Symp., Wash., D. C. CENTOPAM'I, J. J., MAJ.
(17-20 May 1971) (U) SLtmrltic Aperture Dual Frequency Radar

(SADFRAD)-A Unique Airborne Sensor
STIGLrZ, M. R. AFCRL-70-0676 (December 1970)

Microetrip Filters Using Dielectric Resonators
Intl. Filter Symp., Santa Monica, Calif. (15-18 April CLK-nAND, F. F., Mm., and Kz-ma ms, N. P.
1972) A Techniquefo Meaturiv;; _rz e at

Millimeter Wvelengths
SoTsrr, M. R., and SmTAIw, J. C. AFCRL-70-0493 (20 November 1910)

Dielectric Resonators in Waveguide and MicrostripCircuits DRANE, C. J., Jp-, and Mc ILvzNNA, J. F.

1971 Ann. Mtg. of the Conf. on Elec. Insul. and Null Steering and Maximum Gain in Electronically
Die -Phen., Cascb ics Mtg. Ctr., Williamsburg, Va. &ar.ned Dipole Arrays
(1-3 November 1971) AFCRI-72-0083 (1 February 1972)

I€
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EHRENSPmCx, H. W., and STROx, J. A. Blind Spot Cvcurrence in Phased A-rays -
The Short-Backfire A ntenra as an Element When to Expect It and How to Cure It
for High-Gain Arrays AFCRL-71-0428 (11 Augupt 1971)
AFCRL-71-234 (13 April 1971)
Short-Barkfire Arrays MAiLLoux, R. J., and MOvaOMrS, W. G.
AFCRL-71-0368 (27 May 1971) A Low Prof!- Antenna for Airborne Station
The Four-Element SBF Array; Variation of Keeping Radar Applications
Parameters for Optimization of Peiformance AFCRI-724)046 (13 December 1971)
AFCRL-71-0569 (12 Novemnber 1971) MAVROIDES, W. G.

Aircraft-Detection Tests Using the AFCRL
Experimental Phase-Phase Radar

Transmission ofElectromagnetic ?.ares AFCRL-71-0140 (26 February 1971)
Through a Time.Varying Dielectric Layer
AFCRL-72-0044 (7 January 1972) NnAlY, M. J., CAPT.
Analysis of Propagation in Space-Time Pointing Error Correction for
Modulated Media Using Many-Space Millimete Wave Spectroheliorams
Scale Perturbation Theory AFCRI-71-0236 (April 1971)
AFCRL-72-0187 (22 March 1972)
Theory of Propagation of Eectromagnetic NEWaURGH, R. G., andPRips, T. E., JP.. (U. S. Nav.
Waves in Sp~e-Time Varying Media Ord. LAb., White Oak, Md.)
AFCRI1-72-0264 (24 April 1972) A Novel Rotation Sensor Based on Measurement

of the Brewster Angle in a Moving Medium
HnRsxovWTz, S. B.. and LIEGEOIS, F. A. AFCRL-71-0027 (8 January 1971)
The Influence of Solar Illumination on X-Band
Antenna Voltage Breakdoon Phenomena PaPA, R. J.
AFCRL-70-0472 (27 August 1970) Wave Propagation in a Warm Magnetoplaerra

with Coulomb Interactions
JAcAVANCO, D. J. AFCRL-70-0419 (23 July 1970)
An Experimental Study of the Interaction Etnsion of Dougherty's Model Fokker-Planck

of Moderate Power Microw mvs with Electron Equation fora Plasma 1970)Density Gra,'iewto FR-006 (8Ags 90

AFCRL-72-0306 (16 May 1972) Wave Prtpagation in a Hot Magnetoplasma
with Coulomb CollisionsAFCRT.-70-0613 (October 1970)

KALAGTIAN, P. M., and SHoRT, J.
Troposphiric Refraction Effects and SCHINDLER, J. K., and BuLc'sUiTH, P.
Their Corrections (U) Wide-Band Radar Camouflage Properties
Ionos. and Tropo. Lnit. to Rad. Accry., of Dipole Clauds
AFCRL-71-0169 (5 February 1971) AFCRL-71-0376 (8 July 1971)

MACK, I. B. SEAVEy, M. H., JR.
(U) Concepts and Progress in Wide-Band Spinwave Relaxation in Low Anisotropy
Impedance Loading Methods Antifrrromagnets
AFCRL-71-0372 (4 June 1971) AFCRL-70-0627 (6 November 1970)
Phase, Phase Signatures, and Simple Inverse
Pror I,- -RBackscattered Fieldsfrom SL"rtnvx C. J., and HOLT, F. S.
Thin Rods (U) Syrh tic-Aperture Trackirg of M'-44ng
AFCRL-71-0526 (4 October 1971) Targets

AFCRL-71-4041 (10 February 1971)

MACI, R. D., and GORE, B. B. SLO ODNix, A. J., J&
Wideband & fAdaptive Control of Radar SEDIA . aCross lecuoas A lAser Probe for Microwave Acous'AFCR 710506 (1 Sepember 1971) Surface Wave Investigations7 (AFORT-70-0404 (16 July 1970)

The Temperature Coefficients of Acoustic
MAILLUX, IL J. Surface Wave Velocity and Delay on
Surface and Anomalous Waves on Phased Lithium Niobate, Lithium Tantalats,
Array-of TE.I Waveguides with Fences Quartz, and Tellurium Dioxide
AFCRL-71-0060 (28 January 1071) AFCRL-72082 (22 December 1971)
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SwBOD.4I, A. J., JR., andO'BRtrN, S. V. ard lDelectric Constants of Bi,, GeOo

Complete Theory of Acoustic Bulk Wave AFORtr-10570 (10 November 1971)

ii MedM. R.

AFRL-71-0601 (November 1971) Preparation and Electrical Propertie of

Some Ceramic Materials at Micromw
SLOD',-A. J., JR., and STHARES, J.C. Frequencies
Measurement of the Elastic, Piezoelectric AFCRL-70-0726 (7 December 1970)
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Unlike rocket ard aircraft scientific pay.
loads which must be tiored to fit. the car-
ier, balloon payloads have few structural or

configurational constraints and can assume
a variety of size3 and shapes. From top to
bottom: detector for energetic particle re-
search, air sampling e~quipment and an in.
frared measuring system.



IV Aerospac Insttumentation

f, Laboratory

,Cl)

The satellites, sounding rockets, and bal-
loons used to-carry- research instrumenta-
tion where data can be gathered are the
special responsibility of the Aerospace In-
strumentationLahboratory. In selection of
the vehicle, establishment, of'the tracking
and telemetry network, payload integra-
tion, and-launich and recovery operations,
this Laboratory is responsible for the-suc-
cessful acquisition of data. The work is
performed for other AFCRL Laborato-
ries--primarily the Aeronomy, Ionospheric
Physics, Optical Physics and Space Physics
Laboratories-and also for other DOD and
government laboratories.

Pot only does the Laboratory design and
fabricate specific experimental payloads
for rockets and satellites, but it also obi
tains the best sounding rockets available
for specific flight profiles. This responsibil-
ity includes development work which leads
to the upgrading of rocket performance.
During the past two years, the Laboratory
participp.ted in the launching of 83 rocket
probes, attaining a 90 percent success rate,
and two satellites, completely instrument-
ed by AFCRL scientists.

Balloon flight operations conducted at
the Laboratory's permanent launch sites
located at Holloman AFB, New Mexico
and C co, California utilize and evaluate
the researV-and development products of
the Laboratory. Thus, there is within the
Laboratory v, closed loop among theory,
development and application, providing
the setting wherein theory can be quickly
tested and future research needs readily
identified. The results of balloon research
and development are usually manifested
as a major contribution to succesful ac-
quisition of unique scientific data or as a
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hardware test for an Air Force system. of balloons in Tactical Air Command oper-
The major formal communication of the ations.
results of AFCRs balloon research to the Operational and technical support was
scientific community occurs during the provded by the Laboratory to the Atomic
Laboistory-s Symposia which are conduct- Energy Commission's (AEC) air sampling

ed approximately every two years. The program. Balloon flights were made for
seventh in this series will be held in S yp- the AEC from Holloman AFB, New rexi-
tember of 1972. co; Chico, California; Sioux Falls, South

During this reporting period, the Labo- Dak ; Panrre d Alaska, with aerial
ratory launched 195 free and tethered bal- recovery of the payloads accomplished a
loons. In addition, systems engineering the latter two locations.
studies and consultation services were pro- On July 3, 1971, three of the Laborato-
vided to program offices considering the ry's branches, Meteorologi Observing
use of balloons for a wide range of experi- Techniques, Vertica! Sounding Tech-
ments related to military systems, includ- niques, and Direct Sensing Techniques
ing three of special note. For the Army were transferred, with no change of func-
Ballistic Research Laboratories, thefeasi- tion, to AFCRL's Meteorology Laboratory.
bility of using balloons in antiballistic mis- The work of these brapches has been in-
sileo dynamic blast tests was investigated eluded in that laboratory's report.
The blast~sources considered included bal-

loons inflated with detonable lifting gases
and high explosives delivered by balloons.
The Laboratory provided advisory support EnSEARCH ROCKET
to the Air Force Weapons Laboratory con-
cerning balloon aspects of its TORUS The entire AFCRL rocket program, includ-

Electromagnetic Pulse Simulator Develop- ing selection of the rocket vehicle, range
mont. Collaborative work with the Mit scheduling, payload assembly, and data
Corporation on candidate high-altitude collection, is conducted by the Aerospace
airborne relay peatforms explored the use Instrumentation Laboratory. This Labor-

The reentry nose cone shown here was car-ried to 100,060 feet and releae over the
White Sards Missile Range. This flight, con-
ducted in July 1970, was one of a series
performied by the Laboratory during the
past decade in support of a SAMSO project.
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tory also conducts engineering research in mapped with high accuracy, is also of
several deiplines to allow new or upgrad- great inw-eort to the Air Force and r-
ed experiments to be conducted. quires intensive efforts by both the Optical

Physics and Aerospace Instrumentation
CHASER: On. series of experiments re- Laboratories. Seven successfui experi-

quiring extensions of the state of the art ments took place within the past two
of launching, trajectory prediction, and years, and recovery of the payload each
recovery was conducted in support of the time allowed reuse of the same instru-
Chaser program. Sensors were carried to ments, with attendant economies. To use
altitudes above the sensible atmosphere to the full capability of the sensor, a high
measure characteristics of the exhaust data rate pulse code modulation system
trail of large rocket motors in real time, was created, which returned the maximum

free of atmospheric extinction effects. The amount of information that could be han-
experiment included the launch of the tar- died by the range-supplied receiving sys-
get missile by the sponsoring agency, tem.
launch of the Aerobee carrying the
AFCRL sensors, separation of the Aer~bee OTHER SYSTEMS: The reentry processes
payload from its pr pulsion, orientation of related to sounding rocket payload recov-
the payload to a pr --calculated look angle, ery were studied under contract. The work
opening the payload to expose the sensors, required development of a theory which
adjusting the attitude of the payload in allowed analytical determinations of reen-
steps to keep the target in view, rotating try dynamic variables. The theory will be
the payload off target to measure sky verified by experiments and simulations at
background and then the earth's atmos- the contractor's wind tunnel facility. These
phere, closing the payload to a watertight studies and experiments will provide the
condition, deploying a parachute to permit basis for the design of system, used to
lnw velocity water impact, and, finally, recover sounding rocket payloads by air-
retrieving the assembly for reuse. craft.

A digital simulation of the two moving
body problem allowed detailed assessment ROCKET MOTORS: Two new rocket tno-
of the effects of the many variables of tors, the Ute and Paiute, were added to the
uncontrolled rocket flight on th6 mission. AFCRL family of sounding rockets. Origi-
Based upon these analyses, specifications nally produced for other programs, they

for the optical sensor were generated, and have been adapted for sounding rocket

the times were determined for many func- use. The Ute-Tomahawk has replaced the
tions. The experiment itself involved the Nike-Iroquois vehicle, and the Paiute-
first rail launch of an Aerobee 170, the first Tomahawk has replaced the Nike-Toma-
night water recovery,,a new recovery ,ys- hawk. The Nike booster, a mainstay of
tem, the first use of foam-filled tins, and sounding rocket programs since the 1950's,
launch at the lowest elevation angle ever is now an obsolete item of uncertain avail-
attempted for this type of vehicle. Launch- ability and reliability.
es at Vandenberg AFB on ,.uie 29, 1971
and November 23, 1971 were successf,'. A
third attempt on June 20, 1972 esulted in
the loss of all equipment when the Aero-
bee propulsion system failed. RESEARCH SATELLITES

HI-STAR: The Hi-Star program, in w1 ich The Laboratory is continuing its involve-
IF, sources in the celestial sphere are ment in the Air Force's satellite research

i ~
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projects. The final design, utilizing micro-
circuit techniques and other advanced
methods of packaging, resulted it; a 135
pound 12 inch sphere for Musketball and a
26 inch sphere weighing 800 pounds for
Cannonball II. Density data were obtained
from both satellites by analyzing the orbi-
tal decay and updating existing mathe-
matical d(- sity models through an itera-
tive process. An accurate ephemeris was
made possible by the use of position data
provided by the tracking system included
in the spacecraft.

Additionally, the Cannonball II satellite
carried a triaxial accelerometer which pro-
vided density data by the instantaneous
measurement of satellite drag. Currently,
these data are being analyzed by scientists

SlJ -, - of the Aeronomy Laboratory.
The 0V5-6, a small satellite designed to

Sat'lite OV5-6, launched May 23, 1969 to measure solar radiation, was flown piggy-
,neasure energetic particles emitted by the back on a Titan III in May 1969 and
sun, was still in orbit and returnirg useful
data at the end of this reporting period in achieved an orbit of 10,000 by 60,000 hau-
1972. A discussion of some of the data re-
turned by this satellite can be found :.-
Space Physics Laboratory chapter of this
report. "

program. During the past two years, two
satellites were launched for which the
Laboratory had total responsibility for
technical management and experiment in-
tegration. AFCRL scientists provided sen-
sors for three additional satellite experi-
ments which required a lesser degree of
laboratory participation.

The Cannonball I and the Musketbali
satellites were successfully launched in
August 1971. The nicknames for these sat-
ellites resulted from the unusually large
mass to area ratio required to achieve a
reasonable orbital life in spite of the low Two AFCRL low altitude density research

satellites, Cannon Ball II and Musket Ball
perigee dictated by the mission. Both of were successfully orbited on August 6, 1971.
the satellites were part of the Aeronomy The 12.32 inch diameter Musket Ball
Laboratory's research program to provide weighed 135 pounds, while the 26-inch diam-

eter Cannon Ball II weighed 800 pounds.
density data for Air Force operations, in- Their unusually high ma.s.to-area ratio
eluding those of the Aerospace Defense gave Musket Ball a lifetime of more than a
Command, the Air Force Satellite Control month, and Cannon Ball 11, a lifetime of

approximately six months, in spite of their
Facility, and classified Air Force special extremely low perigees (below 140 kin).
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tical miles. At the time of this report, all _ . .. "" ,

systems were still workii.g well, and the - - .. -"

satellite had exceeded its 18 month design I _ __life by a factor of more than two. Scien- - [-,=to[:

tists of the Space Physics Laboratory are _ j
analyzing the resultant data, consisting of
fluxes and spectra of protons, electrons, M, _ V%_ .. l

alpha particles and gamma rays, to aid in O':%.. i
the prediction of the effects of this radia- -b &CAD my |
tion on the upper atmosphere and iono-
sphere.

The ability to control the vertical motion of
FREE BALLOON CONTROL free balloons has greatly increased their

efficiency and effectiveness as atmospheric
platforms. By venting gas and releasing

An important element in free balloon oper- ballast by-radio command from the ground,
ations is trajectory control-ithat s, mak- this balloon was leveled off at three different

'ing the balloon fly the time Ani space altitudes for periods ef approximately one
hour. Here the V and B indicate respectivelyprofile required to accomplish its scientif - when gas was vented and ballast released.

purpose or changing the trajectory for in addition to providing a choice of flight
weather, payload recovery or safety rea- profiles, this control capability is frequently
sons. While it is apparent that the winds used to great advantage in maneuvering the

balloon to insure recovery of the scientific
encountered will determine its horizontal payload.
movement, the atmosphere also exerts a
significant influence on the vertical motion (the upward directed unbalanced force on
of a balloon. A balloon is a complicated a balloon) and volume, and atmospheric
thermodynamic system with its vertical characteristics, such as temperature lapse
motion and equilibrium float altitude af- rate and pressure. The results to date show
fected by ambient temperature and the that the atmospheric predictor having the
various energy fluxes from the earth, at- best correlation with ascent rate is tern-
mosphere and sun. perature lapse rate. While free lift, taken

To increase the versatility and applica- by itself, explains only 5 percent of the
tions of balloons, research is conducted to variance in average tropospheric ascent
better understand and predict the vertical rates, it explains 47 percent of the var-
motion of balloons. Concurrently, flight iance in average stratospheric ascent
experiments are conducted to determine rates. However, the analysis indicates that
balloon response to valving gas and releas- there are lag relationships which must be
ing ballast under operational conditions. determined before accurate performart:

Balloon vertical motion predictability is predictions will be possible.
very much a function of atmospheric pre-
dictability, which is not very good, espe- POWERED BALLOON: A direct outgrowth
cially with regard to infrared flux. With )f AFCRL's experience with free balloon
this in view, multiple regression analysis hovering experiments is the powered bal-
studies were performed to develop infor- loon.
mation designed to predict balloon ascent The problems involved in equipping a
rate. The predictors used consisted of bal- free balloon with a propulsion system to
loon system parameters, such as free lift achieve a high altitude hovering or loiter-

A -4.
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well as standard balloon flight functions
are controlled by radio command and 18
parameters are telemetered and recorded
at a specially equipped ground station.

The prototyp~e powered balloon system
will be test flown from Holloman Air
Force Base, New Mexico, in September
1972 and the results of this research flight
will be provided to the Air Force agencies
that have expressed an interest in this
capability.

TETHERED BALLOONING

Increased capabilities of tethered balloons
and the unique Laboratory tethered bal-
loon facilities have enabled AFCRL to sup-
port a wide variaty of projects. System
621B (SAMSO) uses a tethered balloon to
carry a navigation transmitter aloft. The
balloon-borne transmitter simulates a sat-
ellite system (luring field tests. Air sam-
pling sensors were flown on a tethered
balloon for the Optical Physics Laboratory
in support of Project 698AJ/ATOM. The

powered balloon gondola undergoing flt first phas2 of a project sponsored by the
testing for propeller thrust, ridder control AFCRL Meteorology Laboratory, in which
and dynamic stability. This system weighs data from wind sensors mounted on a
3500 pounds and has a 39.foot propeller. The tether cable were compared with data
rudder is 9 feet high and is located 13 feet
behind the propeller. from tower-mounted sensors, has been

completed. Future tests will include opera-
ing capability have bc(.n studied. This re- tional flights to study the earth's boundary
search has indicated that the concept is layer using an instrumented tether cable
feasible with present state of the art corn- at altitudes up to 5,000 feet.
ponents at minimum wind field altitudes, An analytical model of a tethered bal-
generally near 60,000 feet, found in a num- loon system has been developed. Methods
ber of geographical areas at selected times employed include analysis of stability
of the year. characteristics and dynamic simulation.

Based on this feasibility study, a system Design parameters may be varied and the
design was initiated and a propeller-driven resultant effect on s.ystcm stability stud-
(electric motor powered) spherical balloon ied. Work to (late treats the balloon as a
system-was fabricated. This prototype sys- rigid structure and ignores localized mo-
ten has a useful payload capacity of 200 tions and vibrations.
pounds and will operate against a 15 knot Payload platform stability and servicea-
wind for 12 hours at 60,000 feet. bility as a function of location were stud-

Some 21 propulsion system functions, as icd in conjunction with Laboratory sup-
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port of a Defense Systems Project Group them from abyasion. Tests were designed
tethered balloon program. Three positions to reveal wear modes during field opera-
were studied: 1) in line with the tether, 2) tions, with the ultimate goal of establish-
suspended aft of the tether confluence ing objective gu.delines for fatigue life. To
point, and 3) snugged against the under- date, one failure mode related to desert
side of the balloon. The results of this use environment has been identified and
research-show that each position is charac- corrective action taken.
terized by a different rang, of payload The use of the AFCRL tethered balloon
motions. Consequently, the selection of research facility to support USAF re-
payload location must consider tradeoffs search and development efforts has not
between stability and operational servicea- only ensured the availability of the latest
bility requirements. technical advances to the user, but also

A series of tests conducted with fiber- provides to AFCRL, at minimum -time and
glass tether cables shows -that while their cost, the flight data essential to advancing
theoretical strength-to-weight ratios are the state of the art of tethered ballooning.
high, their susceptibility to damage during
routine operational handling and the diffi-
culty of attaching end fittings make them
unsuitable for tethered balloon use. Test- BALLOON INSTRUMENTATION
ing of Dacron cable started in July 1971.
This cable consists of parallel core fibers Flight control instrumentation, which in-
encased in an extruded polyethylene jack- eludes data collection and transmission
et. The core fibers- carry the load, and the systems, is a necessary aspect of every
jacket bundles the core fibers and protects operation utilizing free, tethered or pow-

-,= f z o, - - -

- .A A 100,000 cubic foor kite balloon~ ready for
s' . reet.up and at i;n altitude of 10,000 feet

~ ab,-Ve ground.

N-
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mand to assure mission success if such
control features have been designed into
the system. By carefully tailoring the in-
strumentation and control system designs
to meet specific mission objectives, the
balloon vehicle can provide a highly stable,
long duration test platform of great flexi-
bility at minimum cost.

To accommodate the broad scope of ap-
plications possible with today's balloon
technology, the Laboratory has developed
an extensive array of modular flight com-
ponents. These include items such as solid
state timer-programmers, logic control
and switching units, command receivers,
command decoders, data transmitters,
data encoders, signal conditionem, commu-
tators, power sources and converters, com-
munications relays, sensing devices, track-
ing beacons, transponders, homing and lo-
cating aids, automatic ballasting and gas
valving devices, payload separation devic-
es, impact-shock and vibration monitors,

The Yorkhorse of AFCRL's stable of Wth- data recorders, navigational devices, cam-
ered balloons-a 38-foot diameter sphere-is era systems, high intensity strobe warning
shown here carrying an acoustic sensor ex-periert.lights, payload deployment devices, pyro-
perimer.t, technic energizers and protective devices,

ered balloons. Positive full-time control is antennas and specialized payload attach-
required by civil and military regulations merit and release rigging hardware. The
for flight safety. Radio command and te- ever expanding spectrum of modular com-
lemetry help satisfy regulatory require- ponents, mostly laboratory designed and
ments and inherently provide the experi- built, offers a wide choice in selection of
menter and/or the mission controller di- specific equipment configurations and
rect and real-time access to onboard appa- operating radio frequency bands from
ratus. Positive direct control and real-time very low frequency (VLF) to super high
readout of data permit variable trajectory frequency (SHF) that can be quickly as-
profile adjustment, allowing the balloon to sembled into new system designs.
be flown in a specific manner to accomplish Three different tethered balloon instru-
desired mission or test objectives. Data ment systems of varied complexity were
systems are ;ssential to balloon payload designed, fabricated and tested to support
housekeeping, permitting continuous o)- tethered balloon programs. All systems
servation and assessment of the operation- provide the necessary flight control and
al status of the balloon-borne system. Te- safety parameters automatically or by ra-
lemetry from the balloon closes the loop dio command, and twp of the systems
between ground, ship or aircraft mission provide for multi-channel housekeeping
control points. In-flight adjustments, cor- and data telemetry.
rections or substitut:ns can be effectively Two special instrument systems were
and rapidly implemented by radio com- designed and fabicated to telemeter decel-
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erator parachute performance character- circuits in controlled phase-locked loops for
istics. Parameters, such as accelerations in command tone decoders. This development
X, Y, Z planes in the load train and in the will lead to a simplified, low-cost design for
payload, pitch and roll on two axes, and ground station command intelligence gen-
pressure altitude, were measured in real erators and decoders of smaller size, in-
time. A similar instrument was specifically creased long-term operational reliability
modified to provide data during a series of and improved narrow-bandwidth stability,
l-unch vehicle stability measurements, which will result in expanded remote con-

A sophisticated flight control telemetry trol capabilities utilizing present HF sys-
and safety system was designed and fabri- tems. In addition, instrumentation hard-
cated for the powered balloon feasibility ware and engineering flight support serv-
study program. The system includes both ices were provided to every balloon mission
UHF and HF remote control capability (195 total)- conducted by the Laboratory
and provides 18 channels of telemetered (luring this period.
performance data on the propul3ion, guid-
ance system and housekeeping. Autopilot
and manual direction control are included
in the 21 command control channels em- MATERIALS RESEARCH
ployed.

Two completely instrumented mobile Although polyethylene film has been used
vans were designed, constructed and test- as the gas barrier and load bearing struc-
ed with electronics configured specifically ture for most high-altitude constant-level
to support the powered balloon program. balloons since the early 1950's, a complete

A new type of hypsometer was tested in picture of its behavior patterns under
the Laboratory in an effort to retain the operational conditions is just emerging.
advantage of this type sensor for accuracy Test data on polyethylene film strength
at low pressures and overcome the princi- over the range of temperatures -70 de-
pal drawback of present hypsometer de- grees F to +110 degrees F are being corre-
signs, the evaporation of the basic fluid lated with mechanical properties on the
which limits the operational duration. In molecular scale and provide for the first
this design the fluid and vapor are com- time a theoretical explanation of brittle
pletely enclosed. The pressure difference fracture consistent with balloon flight ex-
between the vapor and ambient air is perience. The mechanical behavior of ex-
sensed by a thin stretched diaphragm that truded polyethylene films has long been
controls the fluid heater in such a way as known to be dependent on rate of strain-
to bring the pressure difference to zero. ing (or stressing). It has recently been
Besides the advantage of no loss of fluid, shown both analytically and experimental-
the unit is much smaller than current ly that for temperatures normally experi-
hypsometers and provides a faster men- enced in the region of the tropopause, even
surement response time. A breadboard very low strain rates will result in brittle
model showed excessive hysteresis because fracture.
of the stiffness of the only available dia- The rate of loading of the balloon film
phragm. A second prototype is now under due to horizontal wind shears during pas-
construction with a new type of dia- sage through the tropopause region is
phragm. magnified by the leng,h (or height) of the

Laboratory development work and balloon and by its rate of rise. It is postu-
breadboard designs have been tested suc- lated on the basis of experimental data
cessfully employing COS-MOS integrated that the maximum allowable strain rate
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lo0C - .. GH ALTITUDE, HEAVV LOAD PARACHUTE

1 _IESTS
i One essential component of a scientific

Si Ducil balloon system is a recovery parachute
Froclures I Froctures that will function reliably in the high-

- altitude balloon environment. The load-

bearing capabilities of large plastic bal-
4 8. I loons have now far surpassed the safe
7- -toC - limits for single parachutes of reasonable

___ _ ... _size and proven design. For several years
- - -AFCRL has been using clusters of two or

three 100 foot diameter flat circular cano-
I-- pies to recover the heaviest balloon-borne

_ Ti _ _paylnads, However, to recover these pay-
__-_loads from higher altitudes, high-strength

adecelerators with appreciably reduced
N-- rhild Rel tionship weight are required.

S-40 ReaA high-strength parachute is required
80o -60 -40 -20 for the evaluation of heavy space reentry

TEMPERATURE (degrees ' ) recovery systems because in the event of a

premature flight termination, the para-
chute must recover the entire initial pay-

A slight shift in the critical strain rate- load. In the normal course of events, how-
temperature relationship, due to strains pro-
duced at high launch temperatures, can pro- ever, most of the payload weight .s re-
duce dramatic reductions in the al!oable leased prior to flight termination. In the
strain rate in the tropopause temperature latter case, the high-ntre sgth parachute
range, thereby increasing the probability of
balloon burst during ascent will then be required to recover relatively

lightv eight command and control instru-
may be significantly decreased by th( mentation an,- -,'loi'd support systems.
launch temperature, the balloon design The critical probi:m i his situation is one
and the gross inflation. These complicated of descent stability and not of strength.

: - interrelationships appear to be reasonably Parachutes normally are designed for
consistent with balloon flight experience, and tested at altitudes well be.ie A balloon

:' The observed complex interaction of bl- float levels, and no adequate -tteria exist
loon material, design, gross inflation, as- for applying scaling techniques to data
cent rate and tropopause envi:onment in obtained in wind tunnel tests usiqg' model
the failure mechanism of ascending bal- parachutes. Consequently, the Laboratory
loons now provides directi,., for rational is tilizing full-scale balloon training
design alterations, for improvement of ex- flights to tes. novel, light-weight para
truded polyethylene and for reasonable chute designs that show promiae for high-
operational constraints. Further, the ade- altitude, heavy-load balloon applications.
quacy of experimental nylon films, pro- During this reporting period, two
posed for inexpensive heavy-load balloons, AFCRL flights were conducted to obtain
will be assessed !ttrgely on the basis of the opiering and descent characteristics of
these research results for polyethylene large rapid iri:ation bowline controlled
film. optning (RIBCO) parachutes at altitudes

........__
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%bove 100,000 feet. This design gihes sig- HERZBERG, A. F., CAPT.

nificant weight reduction, and its flight Eqicicnt Trajectory Modelingfor Rocket/Moving
charcteistcs t lw atitdesarereprt- Target Spatial Relationshipscharacteristics at low altitudes are report- j. of Spacecraft & Rockets, Vol. 8, No. 8 (August

ed to be equal to or superior than those of 1971)
comparabl2 conventional canopies.

On both tsts, accelerations, pressure
altitude and IRIG time code were teleme-
tered and recorded, and parachute opening
and descent were monitor, d by radar and PAPERS PRESENTED AT MEETINGS

on-board cameras. JULY 1970 - JUNE 1972

Although neither canopy displayed unu-
sual stability above 50,000 feeL, both per- CARTEN, A. S., JR.

formed remarkahly well. Considering their The. Second Symposium on Meteorological
and a weight saving of ap- Obserations and Instrunmentation-Its Theme

performane a aand Its Goals
proximately 400- pounds compared with a 2nd Symp. or, Met, Obsns. and Instmn. (AMS), San
conventional cluster of three 100 foot di- Diego, Calif. (27-40 March 1972)

ameter parachutes, the new RIBCO design
holds considerable promise for heavy-load, CARTEN, A. S., JR., and PAULSEN, W. H.

Dcrveopment of Airborne Remote CAT Detection'ihigh-altitude balloon applications. In view Equipment

of the absence of parachute performance Intl. Conf. on Atm. Turb., London Eng. (18-21 May
Ci~ data at these extreme altitude,, the-results 1971)

of this research are expected to find prac-
tical application in other Air Force recov- DoHERTY, F. X.

Development of a High Altitude Blastcry system programs. Generat ion System (Invit~d Paper)
2nd DASA Conf. on Mil. Appl. of Blast Simulators,
Nay. Weap. Lab., Dahigren, Va. (2-6 November 1970)

HERZBERG, A. F., CAPT.

JOURNAL ARTICLES Trajectory Modeling.for Efficict Computation
of Rocket/Moving Target Spatial Relationships

JULY 1970 - JUNE 1972 AIAA Sec. Sounding Rocket Vehicle Tech. Conf.,
Williamsburg, Va. (7-8 December 1970)I .4AmEN, A. S., JR.

USAF Acts on C-5 Wakes

(Ltr. Art.) Astronaut. and Aeronaut. Vol. 8, No. 8 (8
August 1970)
Aircraft Wake Turbutence-An Interesting TECHNICAL REPORTS

" - i PFhe.romcnon Tugred Killer
Air Univ. Rev. Vol. 22, No. 5 (July-Augst 1971) JULY 1970 - JUNE 1972

FAUCHER, G. A., and MORRISSEY, J. F. GRss, L. A., ED.
Atmospheric Density Measurements in the Proceedings, Sixth AFCRL Scientific
70-115 km Region Balloon SymposiumIi J. of Gcophys. Res., Vol. 70, No. 18 (20 June 1971) AFCRL.70.0543 (27 October 1970)
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Sade-hyide tests with these matchedI tele-
SCO;Ks have demonstrated the feasibility of
obtaining standardized solar optical data.



V Spac Physics Laboratory

IMi
The Air Force is active in sp,;e today, and
expects to increase its operations in space
in the future. The' Space Physics Laborato-
ry conducts research on the near-earth
space- environment-and on energy conver-
sion as applied to space missions. Most of
the research is directed toward predicting
variations in solar emissions, especially the
development of solar flares, and studies of
propagation mechanisms for solar emitted
particles and th4 solar wind, magneto-
spheric phenomena involving particles-and
fields, and the precipitation of such par-
ticles into the ionosphere. The other por-
tion of the Laboratory's program is the
search for more efficient methods of con-
verting energy, primarily the sun's radiant
energy, into electrical power. Organic ma-
terials are studied for possible application
to solar cells and the development of high
energy density, lightweight batteries, and

p plasmas are studied for application to
energy converting devices.

The research is conducted through Lab-
oratory experimentation, through ground-
based observations, and th-ough rocket-
and satellite-borne observations.

SPACE FORECASTING

The Space Forecasting Program was ini-
tiated at AFCRL in the mid-1960's to pro-
dict solar-related changes in the earth's
upper atmosphere and near-space environ-
ment that have an influence on Air Force
operations. It is an interdisciplinary pro-
gram which draws on most of the environ-
mental sciences--radio and optical solar
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astronomy, astrophysics, radio propagation pected degradation of operational systems
physics, and the physics and chemistry of would greatly benefit the Air Force.
the upper atmosphere. Its very nature re- The most important cause of these prob-
quires partinipation by specialists in a va- lems is the solar flare. Since the bursts of
riety of technical fields, such as energetic electromagnetic energy and high energy
particles, ionospheric physics, sular phys- particles from the sun are associated with
ics, geomagnetism and atmospheric densi- solar flares, techniques for forecasting the
ty. occurrence of these flares must be devel-

The Space Physics Laboratory was cho- oped. Related to this basic consideration
sen to organize, coordinate, and direct the are two other problems: that of predicting
efforts of the various contriouting scien- whether the intense flux of electromagnet-
tists. Because of the broad scope of the ic radiation and particles emitted by the
program, scientists froi. several of the flare will or will not produce near-earth
other laboratories of A"'CRL, as well as effects such as magnetic storms, auroras,
from the Space Physics Laboratory, partic- ionospheric disturbances, etc.; and given a
ipate. geophysically significant flare, predicting

From its inception, the Space F.orecast- the magnitude of the near-earth effect, its
ing Program has attempted to focus onset, and it-, duration.
strongly on the operational problems relat- Making these predictions requires obser-
ed to changing environmental conditions. vation and measurement of the changing
To provide a convenient mechanism for dynamic features in the observable solar
coordinating the efforts of 12 to 15 scien- atmosphere. These include optical, radio,
tists, with the everyday operational prob- and magnetic field observations. Solar
lems of Air Weather Service (AWS) Duty data collected and recorded in past years
Forecasters, the Space Forecasting Work- by observatories all over the world have
shop was established in 1966. This group, been obtained and have proved to be of
which meets four times a year, provides an value in developifig forecasting tech-
ideal forum for exchanging technical in- niques. To utilize these techniques and to
formation, for coupling research products study the characteristics on the visible
with operational requirements, and for di- solar surface that portend a flare, real-
reting and coordinating the efforts of in- time world-wide nbservations are required.
house scientists and contractors working A world-wide network of observatories
irL a broad spectrum of related scientific was established in 1967 to provide contin-
disciplines. uous coverage of the sun. Optical and radio

Space forecasters must predict the oc- sites were placed in Tehran, Iran; Puerto
currence of bursts of electromagnetic ra- Rico; Hawaii, and the Philippines. The
diation and energetic particles from the decision was made in 197V to develop a
sun, and specify the effects of these bursts second generation solar optical observation
on the earth's atmosphere. These effects system. A pre-production optical system is
include absorption of radio waves in the being developed which will enable the Air
ionosphere, geomagnetic disturbances, au- Force to assess what design goals can be
roral activity, enhanced airglow levels, and achieved and to define the final system
atmospheric density variations. Present more clearly. New capabilities such as so-
and projected rtystems such as radars, sur- lar magnetic field measurements will be
veillatice satellites, radio communications incorporated into this system and a strong
and navigation systems are all affected in emphasis will be placed on the standardi-
varying degree by these atmospheric of- 7ation and automation of data collection. A
fects, and advance knowledge of the ex- matched pair of solar op'ical telescope-

Uo
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4.( videometer systems has been developed in
an attempt to reduce to a tolerable level 4SATELLITE

the differences in present solar flare meas-
urements. Side-by-side tests have pro-
duced excellent measurements with a dis-

, crepancy of less than 6 percent in the
measured area of a solar flare. It is SAGAMORE LL
planned to operate these systems at the - - %.

,L various AWS observing sites to intercali-
brato them- and to develop standardized
techniques for measuring solar parame-
ters. Also, an effort is being made to up-
grade the solar radio instrumentation at PUERTO4: the various sites. Again, the observations
will be standardized and a high level of AFGWC serves as the central collection,

accuracy will be maintained at all sites. processing and dissemination point for solar-
The measurements made at the Sagamore geophysical data measured by satellites as

well as ground.based observatories located
Hill site, in Hamilton, Mass. will be used as around the globe.
the norm and AFORL will monitor all
solar radio data for conformity with these AFCRL scientists have written more
standards. than 20 data-processing programs for

One current study in the solar radio area these computers to handle the continuous
is the generation of maps at three different data stream, and special emphasis has
radio frequencies: 3 mm, 8.6 mm and 9 cm. been placed on improving the quality of
With these measurements as the basis, a the data through comprehensive error-
three-dimensional representation of the checking routines. In addition to the data
solar atmosphere will be constructed in an resulting from ground-based measure-
effort to obtain an understanding of how ments, large numbers of satellite observa-
the solar flare process varies with height. tions are also collected in real time, sorted,

A complex of Univac 1108 computers, error checked, tabulated and analyzed.
which serves as the central collection point One example of this is the Vela X-ray
for all world-wide solar-geophysical obser- program. This program has been written
vations, is situated at Offutt Air Force to accept X-ray data from several Vela
Base in Omaha, Nebraska. These compat- satellites, and, after analysis, to provide
ers are linked in real time to the world- values of the absolute X-ray flux as a
wide network of optical, radio, and iono- function of time. Programs have also been
spheric observatories. Observable radio written to proce,'s both the ground-based
and optical features of the sun are fed and the Vela satellite neutron monitor
directly into this network, as well as obser- data, the Vela solar wind data and the
vations from riometers, neutron monitors, solar particle data. These programs have
ionosondes, magnetometers and satellites, been delivered to Air Force Global Weath-
The basic purpose of this program is to er C.nter (AFGWC) and have been inte-
specify the solar and geophysical condi- grated into the real-time system for oper-
tions that precede a burst of solar energy ational use.
and to determine the terrestrial effects To enhance our understanding of the
that follow the burst. This is analogous to physical mechanism of proton-induced dis-
the meteorological observations that are turbanees, the Vela proton data resulting
made throughout the world 24 hours a (lay. from the real-time analysis is being ti-
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lized to analyze several unusual proton
events. An attempt will be made to con-
struct a computer model for the release of
low-energy protons from solar flares, and
then to predict their subsequent effect on
the earth's magnetic environment.

Plans have been formulated for instal-
ling a highly sensitive, ground-based mag-
netometer network across the United
States at a constant magnetic latitude.
The purpose of this network is to monitor
micropulsations of geomagnetic activity
very accurately. The data collected will be
used to produce short-range prediction .
techniques relating solar wind parameters
to magnetospheric phenomena.

A study designed to test the feasibility-
of generating ionospheric maps from a
sparse network of ionosondes in North A variety of CompLter programs written at

AFCRL .,v being integrated into the
America has been completed, This study AFGWC . "iputer system to process the
has been instrumental in developing very flood of soi-r-geophysieal data.
valuable techniques for ionospheric fore-
casting as well as providing quantitative Currently, solar X-ray data are being ,ri-
(lata for evaluating the increase in fore- fully anillyzed. X-ray data from the satel-
casting capability achievable with addi- lites SOLRAD 9 (1-8 Angstroms) and Ex-
tional ionosonde stations. An ionospheric plorers 33 and 35 (2-12 Angstroms) have
network analysis has also been performed been acquired covering an extensive peri-
in which the cross correlations between all od of time. The Explorer data have been
pairs of stations were calculated. From correlated with solar optical flares and
these correlations a series of tables will be hence have become part of the overall data
prepared that will provide predictions of base. These dta will now Lie used to devel-
foF* at any location one to six hours in op techniqueb to predict flares and their
advance. This is accomplished by looking geophysical effects. The SOLRAD 9 data
up the present values at another station have been analyzed by means of a special
that has been shown to be most highly computer pcegram and the parameters of
correlated for that specific time, solar ac- the bursts hae been determined. These
tivity index, and magnetic condition. bursts will be associated with the 2-12

Efforts to develop improved analytical Angstrom bursts and relationships be-
techniques for the predit;o,, of solar ra- tween the two csets of data will be devel-
diations and their effects on the near-earth oped for eventual use in forecasting tech-
environment are continuing. A compre- niques.
hensive solar-geophysical data base has It is interesting to note that VLF radio
been developed covering the period 1955 data may be operationally useful as an
through 1969. Utilizing this data base, a early detector of X-ray flares. Preliminary
series of statistical analyses have been studies indicate that the characteristics of
performed to identify the most useful so- an X-ray burst can be estimated within the
lar flare predictors and to combine these first four minutes of the event. A study is
predictors into flare prediction equations, presently in progress (1972) to examine
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one year's VLF data in an effort to estab- ity which rotate with the solar surface butSlish a procedure for systematically deter- which develop and decay over periods of

mining the X-ray burst characteristics days or weeks. The emissions produce
from the VLF signatures. many effects in the upper terrestrial at-

In addition to flare forecasting tech- mosphere, on the terrestrial magnetic
nique development, a longer term type of field, and in the st,:roLnding space.
forecasting research program has been in- Attempts to forcwn near-earth varia-
itiated that approaches the problem from a tions ultimately depend in a knowledge of
more :ubtle and rigorous point of view. the processes which cause these solar re-
Theoreticaloand-computational research on gions to develop and decay and on an
the interplanetary propagation of solar understanding of the mechanisms which

C flare-related charged particle radiation has transfer the energ into and through
been instituted. Suitably realistic mathe- space. Work in solar plasma dynamics falls
matical models are used to investigate the into three categories. understanding the
effects of various physical processes known development and decay of the solar re.
to be present in the interplanetary me- gions, determining mechanisms for the

C {dium on the sun-earth transport of both emissions and radiation from these re-
prompt and delayed flare particle distribu- gions, and work to develop the catibraton
tions. These processes include adiabatic constants for solar measurements.
deceleration, Fermi acceleration, and co- Research is divided into three main ar-
rotation of magnetic sector boundaries. eas: The Solar-General Circulation; Theo-
This research, which will contribute to a retical Studies of Solar Terrestrial Rela-
better understanding of such phenomena tions; and Physical Processes in ',,Iar Phe-
as Polar Cap Absorption and geomagnetic nomena. The development ana decay of
storm events, is necessary before accurate solar active regions is being studied along
prediction techniques can be formulated. two lines within t'ie framework of the

A model of auroral activity is presently general circulation task. First and fore-
being developed. Low energy corpuscles most is a long-range program to obtain a
continuously emitted by the sun maintain homogeneous time series of masurements
the aurora in the well known oval configu- of the characteristic life cycles of the re-
ration, centered on the geomagnetic pole gions. Allied with this is a comprehensive
and rotating in a manner dependent on the study of the energy processes of the large-
sun-earth relationship. Utilizing this mod- scale solar circulation and its relation to
cl, techniques have been constructed to the life cycles of the active regions.
predict the varying effect of the aurora on
propagation paths through the polar iono- SOLAR ACTIVE REGIONS: The study of
sphere as a function of frequency and path active region life cycles appears at first to
geometry. be a straightforward collection :f thmevar-

ious data in the literature, and an analysis
of them. There is, for example, a cefitury
of data describing sunspot characteristics

RESEARCH ON SOLAR DYNAMICS and their changes. Flare data exter-'back
for four decades, and more data were

X- ay and ultraviolet emissions from the taken in the last ten years than in the
sun are highly variable in time. The emis- previous thirty.
sion of particulate matter is also variable Radio emission characteristic data has
in time. These variable emissions are pro. been collected for less than two decades.
duced in conjunction with centers of activ- Data con-erning many other characteris-

I c * , ._ . . .
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. w .,tics of the regions extend-back over vary-' 7I ing periods of time and include the entire
/ m range of quality and quantity. The most

being collected from satellites, and while

these are of very high quality, unfortunat-S77ely they cover only the most recent few

As an example of the variable quality
and quantity of one of the vital parame-
ters used to measure activity, the area of a

" "' ,flare, which would seem to b', a straight-
ilA30. forward and easily measured uantity, can

have an error in excess of 1000 percent.
. / The construction of the life history of

'any one active region requires careful se-
- / /[ lection and analysis from this vast library

/ 7of data. Many single examples of such life
,, i / / // histories have been published in the litera-

I / ture. These examples, however, are invar-
iably extreme cases, either in the amount
of their activity or the extent of their/ ,.-i l-- j

t/ peculiarity. The value of such examples to
.' ".i the problem of forecasting solar activity is

" questionable unless one is concerned with
rim MCA " So. O, 9 forecasting the decay of active regions
" .... . . .once it is established that they are extreme

or peculiar. Forecasting if and how incip-
?i / /" fient or tiny solar regions will develop de-

/ jpends on an analysis of the life history of
S / , ...... a whole range of regions, any one of which
,A 1 / /may develop to interesting size. From the

/ ' 7 known spectrum of developmental lpossi-
i, A 1 bilities an analysis can be made to deter-

I. ./ mine the observable differences in either
2] the behavior of these regions in their early

life or the characteristics of the circula-
-. ..' tions into which they are born.

PIN ) 1. C1111IJ There have been many descriptions of

the characteristic behavior of a single ac-
Illustrative of the uncertainties in flare data Live region parameter (e.g. sunspots) but
is the maximum and minimum areas report the limitations of such simple studies come
ed f6'r each confirmed (two or more observa-
tories reporting) flare, during three sample to the fore when attempts are made to
periods. The maximum and minimum areas utilize them in the complex business of
are plotted as ordinate and absciasa respec- forecasting. Furthermore, the forecaster
tively and percent error is deflned as the
(maximum error minus the minimum areb) finds himself using information from more
divided by the minimum area. than one such simple study and these stud-
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ies characteristically produce conflicting havior of the different measurements of
trends. Since it has yet to be proved that individual regions contains the informa-
there is one parameter which describes the tion which is necessary to distinguish the
essence of a solar region or its future future development of the region and
development, such analyses must include hence yields the forecasting scheme.
the behavior of the total variety of possi- It is much easier to describe the neces-
ble measurements. It might very well he -,ry analytical steps than to carry them
that the seemingly contradictory time be- out. The execution requires a carefully
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The white light photograph and correspond-
ing isodensometric trace for three different
stages of a sunspot group are shown. I h-
closed contours of the tracings are areas of
coistant photographic density, which is di-
rectly related to the temperature of the spot.
The number of contours is a measure of the
variation of the spot temperature. The out-
ermost contour defines the extent of the spot
group enabling a more precise area determi-
nation. Recently, the isodensitometer output
has been digitized and interfaced with a
computer which will enhance the reliability
of the measurements and increase the num-
ber of sunspots handled.
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standardized series of measurements of ity, the emitted wave intensity increases
the individual parameters and objective while the damping decreajes. As a result,
procedures of collating these parameters weekly damped large amplitude and long
into a time series of comprehensive active plasma waves can propagate in the corona
region descriptions. Both of these steps are creating a large number of pockets in
extremely difficult. Over the past two which the number of electrons and protons
years considerable progress in construct- fluctuate as the wave progresses.
ing a foundation of sunspot measurements These conditions continue as long as the
on which to build the entire active region supra-thermal beam of electrons and/or
structure has been made in the Space protons persists. The slow fluctuation of
Physics Laboratory. A time series of event ion number density from these pockets
data including flares, plages, short-wave scatters the progressive plasma waves at
fadeouts, radio flux measurements, and their own frequency, changing them into
sunspot magnetic classifications has also electromagnetic radiation. This is the Ray-
been made. An attempt-has been made to leigh scattering process. On the other
introduce a new parameter describing the hand, the electron density fluctuations
integrated light deficit of sunspots to avoid from these pockets (which far exceed the
the difficulties commonly associated with ion density fluctuations) scatter the plas-
the measurement of sunspot umbrae and ma waves at frequencies combining (sum
penumbrae. While this study is in its early and difference) those of the incident plas-
stages, some interesting preluninary re- ma waves and the electron current density
suits have been obtained: fluctuation. The simplest combination of

The data appear to indicate that more frequencies in the radiation is the Raman
spots are born in the eastern half of the scattering process.
visible disk than on the western half. In Other combinations of radiation fre-
addition, spots born on the back of the sun quency involving higher harmonics of the
appear to reach a larger size than those fundamental plasma frequency are also
born on the front. However, these varia- excited, but their intensity is too low to be
tions are prob ably the result of viewing detectable. On the other hand, the occur-
the solar surface from the earth and are rence of very high harmonics is forbidden
not real variations in the spots tnemselves. by the energy conservation in the scatter-
These observationally induced anomalies ing process. This actually depends on the
are being removed to insure accurate re- energy flux of the incident plasma waves
gion histories, and on the density fluctuation called "pow-

er spectrum of the radio noise." However,
RADIO BURSTS: A major in-house theo- only a small fraction of the plasma wave

retical effort is to investigate plasma ra- energy is transformed into electromagnet-
diation proceses occurring in solar flares ic radiant energy by the scattering proc-
and/br radio bursts. The run-away or su- esses. Since there are large numbers of
pra-thermal electrons and protons pro- pockets, or small bubbles all simultaneous-
duced by lower chromospheric flares inter- ly scattering plasma waves into radio fre-
act with the coronal plasma to produce quency radiation, it is possible, under cer-
Cerenkov plasma waves. tain favorable conditions, that a very high

The phase velocity of the plasma waves intensity of radio waves could be generat-
emitted by this process always falls be- ed. These waves are the solar radio bursts
twech the stream velocity and the ion and their harmonics. It is postulated that
thermal velocity. However, as the phase the electric fields of the large amplitude
velocity appi'oaches the ion thermal veloc- plasma waves accelerate stochastically

~ - -.- -,J
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flare-induced particles resulting in proton are being determined by the direct meas-
events which adversely affect Air Force urement of basic atomic and molecular
communication and ground-based radio parameters.
systems.

ABSOLUTE F-VALUES: Absolute transition
SOLAR FLAE- Another theoretical effort probabilities (f-values) are one example of

is concorned with the production of solar an atomic parameter which has wide appli-
flares. The solar atnmsphere is only par- cations for determining species concentra-
tially ionized in Ihe photosphere and in tions and temperatures in plasma diagnos-
sunspots, while it is fully ionized else- tics and solar and stellar abundances inwhere. In the photosphere and particularly astrophysics. The pressure-driven shock

in the vie'nty of sunspots, the lack of tube is a preferred thermal light source for
waization allows relative motion between f-value measurements since the shock-
the fluid aridth, rnagnetic field producing heated gas is in a well defined equilibrium
dynamo currents. Material flowing hori- state over a wide range of controllable
zontally out of spots (Evershed effect) in- operating conditions and uniform in the
teracting with the vertical spot field line of sight.
should produce a circular current system The AFCRL shock tube ha been used to
around the spot. When these cirtular cur- produce gas samples which are hot enough
rent systems (known as Hall currents) ox- to emit atomic and molecular spectra of
ceed a certain citical value, determined astrophysical interest. The gas in the driv-
from, the condition for two-stream instabil- en (test) section of the tube contains argon
ity, there will be a sudden release of ener- or neon carrier gas to which has been
g, in the form of Joule heating. Currents added a trace of the gas to be investigated.
below the critical level may be responsible The driver gas is helium at pressures of
for the plage areas. several hundred psi. Temperatures

Advantages of this theory are: Sufficient achieved behind the reflected shock are
convective energy and Joule dissipation is
avaiiable to produce the largest observed
flares; the close association of sunspots and
flares is accounted for; production of run-
away electrons and protons (by photos-
pheric electric fields conducted upward
along magnetic field lines) which in turn
are able to produce X-rays in the upper
chromosphere and cosmic rays at inner
coronal heights; the same photospheric
electric field conducted upward, coupled
with the chromospheric magnetic field can
pioduce a motor action resulting in possi-
ble surge prominence motion of 100 km per
second as observed; a similar motor action
in the corona may account for observed
shocks of 1000 km per second, and, the

(4 enhanced hydrogen alpha emission identi-
fled with optical flares is explained qualita-

Pyitively. The shock tube laboatory where f-value
Physical processes in solar phenomena meaurenients are being obtained.
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varied between 3,000 and 10,000 degrees energy in the earth's atmosphere, ionizing
K. Spectral radiation by atoms, ions, and and heating the ambient gases, particular-
molecules is recorded photographically and ly at high latitudes. This degrades, and
photoelectrically from steady states of sometimes inhibits, the operation of sys-
known population in local thermodynamic tems which involve the long distance prop-
equilibrium. The observed spectral intensi- agation of electromagnetic radiation such
ties are correlated with the directly meas- as communications, detection, tracking
ured thermodynamic state of the gas (tem- and surveillance systems, or those which
perature, pressure, concentration) to allow require knowledge of the drag effects pro-
determination of the absolute f-values for duced by the ambient atmosphere.
the spectral -transitions. Energetic particles include charged and

Subsequent applications of these f- uncharged particles. The significant fluxes
values are often found in astrophysics, i. e., of charged particles consist of electrons,
the experimental values are used to deter- protons, and occasionally alpha particles.
mine abundances of elements observed in Various other atomic nuclei provide much
solar or stellar spectra. Space Physics Lab- smaller fluxes. Particles with energy less
oratory measurements of Cr and Fe f- than 100 keV cannot penetrate a signifi-
values have resolved the paradox of the cant thickness of material to cause direct
iron group elements being deficient by an effects, but they may be indicative of the
order of magnitude in the solar photos- behavior of higher energy particles. Flux
phere relative to the corona and meteor- intensity decreases rapidly with energy so
ites. that the total energy of the flux above a

Additional applications include the use few hundred MeV is negligible although
of a set of known f-values to infer plasma individual particles may be severely dam-characteristics i'rom the observed line in- aging. Thus, prim~ary interest is devoted to
tensities generated by manmade plasmas electrons and protons with energies from
such as -nuclear detonations, fireballs, and 0.1 to 100 MeV. Alpha particles in this
debris clouds, reentry sheaths and wakes, energy range are also of interest. Al-
and-chemical releases, though the alpha intensity is usually much

Sunspots are little understood regions in less than that of protons, it is still of
which a very critical balance of tempera- sufficient magnitude for accurate measure-
ture and pressure determines whether ele- ment. The ratio of alpha to proton fluxes
ments will exist as atoms or molecules, for may be significant in analyzing and fore-
example, as Ti or TiO. Accurate f-values casting solar effects. Hydrogen and helium
are needed to analyze new sunspot spec- isotopes and heavier nuclei, as well as
troscopic studies to derive accurate tem- strange particles, are of environmental in-
peratures as a first step in deriving realis- terest to the extent that study of these
tic sunspot models. With this in mind, particles yields information on the produe-
absolute f-values for 90 Ti and 10 Ti II tion, propagation and interaction of the
lines have been determined. TiO f-values particles of primary interest. Human cells
are being measured. and ultra-miniature electronic components

are two exampl" of systems which are
vulnerable to the severe localized diamage
caused by high energy heavy nuclei.

ENERGETIC PARTICLE RESEARCH
SOLAR EE' GEtiC PARTL S: Most ener-

Energetic particle fluxes place limitations getic particle fluxes originate at iUie sun.
on space operations. Also, they deposit Galactic sources, outside the solar system,
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IN Vcontribute a background flux. Both of available rather quickly during an event
these particle fluxes create secondary reac- and are not dependent on sophisticated
tion.products when thev interact with the interpretation of other types of geophysi.
earth's atmosphere. Time variations in the cal measurements.
outflow of solar particle fluxes and fields The Space Physics Laboratory is now
modulate the influx of galactic particles. preparing a complete catalog of solar pro-
The production of secondary particles in ton events, using this system.
the atmosphere depends on the intensity,
energy and species of the incident flux. SOLAR PARTICLE MEASUREMENTS: Corn-
Thus, solar activity, and particularly the puter programs have been prepared and
11-year solar cycle, regulates the temporal delivered to the Air Weather Service for
variations in-all particle fluxes. the detection, evaluation and extrapola-

The sun emits high energy particles ir- tion of the solar proton event profiles1' regularly during solar proton events. The based on data from ground and satellite
enhanced fluxes from such events reach detectors. These routines automatically
earth orbit within hours and persist for a identify significant fluctuations in the
(lay or more. near-earth particle flux and prepare dis-

The evaluation of these solar events and plays of appropriate c6ata for the AVIS
their effects on the near-earth radiation Solar Forecast Facility. Data processing
environment requires the correlation of includes basic error checking and removal
various deta -taken during a particular of erroneous points, indexing of data, and
event and of data from various events, the computation of ten-minute, hourly,
Such correlations cannot be performed un- and daily averages. The event maximum is
less the size of the event is defined on a detected even in the presence of complex
quantitative, standardized scale. The sub-structure. The rate of decay of the
Space Physics Laboratory has developed a event is determined and the end of the
quantitative classification system which event predicted. This prediction is periodi-
has been accepted as the international cally updated. The programs have been
standard by the IUCSTP (Inter-Union specifically designed to operate correctly,
Commission on Solar-Terrestrial Phys's) although with decreased accuracy, even if
and COSPAR. the data supplied are incomplete.

The system classifies a solar event with A realistic inclusive model for propaga-
a three-digit index. The first digit repre- tion of particles, after their initial acceler-
sents the flux of protons with energy of ation during the event, has been developed
more than 10 MeV as measured by a satel- in a form suitable for numerical solution.
lite within the earth-moon system. The The model is in qualitative accord with
second digit represents the 30 MHz absorp- known phenomena and experimentally de-
tion as measured by a sunlit riometer, i. e., termined paxameters. The model was spe-
a riometer on the day side of the earth. cifically tested for flare particle propaga-
The third digit represents the response of tion under a variety of solar boundary
a sea level neutron monitor at high lati- conditions. It was found that for most
tude. The system provides a positive index times of interest, the choice of boundary

for an event measurable at ground level, a condition does not significantly alter the
zero index for an event of no significant flux intensity versus time results in inter-
geophysical effect (such as a PCA), and a planetary space, aside from a constnnt
negative index for particle fluxes so small factor.
as to be unmeasurable with ground-based The interplanetary magnetic field is a
equipment. The required data are usually stochastic field which extends outward

":€ :- -
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SHOCK-FRONT-/ ticles, and X-rays and gamma rays
through and out of the magnetosphere.
The solar fluxes monitored by these instru-

/ U*TAL P .T...-- ments have been correlated with polar
observations of ionospheric and atmos-
pherie perturbations by other laboratories

TRAPPING REGION of AFCRL and SAMSO. These results are
-4-- being applied to the problem of predicting

-. -U RA S ._ atmosphevic and ionosphe* '-nuditions
from real-time observations of solar fluxes.
The excellent results obtained from this

____t____________- satellite far exceeded the greatest hopes
equarWi elliptical orbit for it.

,I0 NETOSPHRE The major geomagnetic storm of March
. . 8, 1970, was analyzed using data from this

\MANETOSHEAH satellite. This event was accorded excep-

tionally widespread coverage due to the
eclipse of March 7. The OV5-6 data for

Satellite 0V5-6 travels in an elliptical orbit protons of M ar the shows a for
12,000 x '75,000 kilometers monitoring par-
tide fluxes withiti and without the magne- rise in both fluxes to a maximum of about
tosphere. These results obtained from this 3 x 102 larger than ambient. The alpha to
vehicle provide insight into the mechanis ros
of particle propagation from interplaneta proton ratio at 6.6 MeV/nucon remained
space through the magnetosphere to the at a constant value of 0.015. The proton
earth's atmospherm. This insight will be used spectrum had an energy dependence of
to develop real-time systems to monitor so- about E- 2 .
lar particle fluxes and to predict their effect
on sensitive Air Force systems. Because Polar Cap Absorption measure-

ments by other AFCRL Labordtories were
from the sun in the average form of an available for correlative analysis, the
Archimedian spiral. This field controls not event of November 2, 1969, was also ana-
only the outward flow of solar particles lyzed. In this event, the particle fluxes rose
but also the inward flow of galactic par- rapidly. The maximum alpha to proton
ticles. The radial gradient in the flux of ratio at 6.6 MeV/nucleon was 0.07. The
inward flowing particles in the energy proton spectrum had an energy depend-
range from 50 to 200 MeV was calculated ence of about E- 18, harder than the
using a slightly modified form oi the as- March 8, 1970 event. These observations
sumed propagation model. These theoreti- were compared to VLF measurements and
cal results were compared to experimental other satellite (SAMSO satell'te OVl-19)
measurements, onboard Mariner 4, of the measurements taken at lower altitude
energy dependent flux gradient between over the poles. ft was found that the
earth and Mars to demonstrate the validi- electrons reach the Polar Cap less than a
ty of the theoretical model. minute after their arrival at earth orbit.

Satellite OV5-6, a small octahedral sat- This implies nearly direct access of elcc-
ellite measuring 11 inches on each side, trons to the Polar Cap without an extend-
was placed in a highly elliptical 12,000 x ed entry path through the magnetospheric
75,000 km orbit in May A96 9 and has trans- tail.
mitted useful information continuously On the basis of these results, other
since that time. It carries instruments tW events are now being analyzed. Particular
measure electrons, protons, alpha par- emphasis is being given to the use of alpha
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to proton ratios to predict physical phe- rectly, then geomagnetic cutoff effects will
nomena of interest, cause intensity differenec., at a pitch angle

of 90 degrees to the magnetic field lines,
PARTICLE-MAGNE7"1C FIELD INTERACTIONS: between particle fluxes arriving vertically,

The geomagnetic field allows energetic from the east, and from the west.
charged particles to reach the earth only The magnetic poles are several hundred
over limited regions, the extent of these kilometers from the rotational poles.
regions being determined by the rigidity- Therefore, magnetic coordinates are consi-
that is, the momentum of the particle. For derably displaced from the usual geo-
example, protons with energies of - 10 graphic coordinates. Magnetic field lines
MeV are able to penetrate to the earth diverge from the earth's Southern (mag-
only -over the Polar Caps, while 18 GeV netic) Hemisphere. Near the pole these
protons can be verticaily incident at the magnetic lines may be swept back into the
surface anywhere. In principle, at least, magnetospheric tail or otherwise dispersed
access regions for particles with specific by the continual outward flow of low ener-
rigidities can be determined. The quantity gy charged particles known as the solar
used to describe the limit of particle acces- wind. The resulting geometry is complex
sibility is called the geom.gnetic cutoff and not suitable for the long-time reten-
rigidity. For some time, a program has tion of charged particles. Below about 60
been conducted in the Space Physics Labo- degrees magnetic latitude, the lines bow
ratory to calculate the cutoff rigidities by out into space, then return to enter the
numerically calculating particle trajecto- earth at their conjugate point in the oppo-
ries through theoretical models of the geo- site hemisphere. This closed geometry
magnetic field. The current work particu- traps charged particles.
larly concerns the access of solar particles Coordinates along these lines are nor-
to the Polar Caps.

Particle trajectory calculations have also
been used to calculate the direct access of
particles from the interplanetary medium
to the orbit of a satellite. This involved
calculating, for each hour of the day, the
possible trajectories of particles from the
position of a synchronous orbit satellite
through the magnetosphere to the inter-
planetary medium. It required the calcula-
tion of the geomagnetic cutoff rigidities SLAT' w-1
and their daily variation in the vertical OLAi ELLIPTICAL
and west directions in a model magnetos- o1T 500x 9000 km

phere. Evaluation of these results pro-
duced a means to distinguish, experimen-
tally, whether solar particles measured by
satellites in the magnetosphere arrived at Satellites, such as OVI-13, in ellipt.ical orbits
their detection point dire-tly or by a diffu- through the trapped radiation region, map
sive mode of propagation. If the propaga- the energetic particle environment. Data

from the s tellites are used to determine
tion is diffusive, then the intensity at a .ource and loss mechanisms to define the
pitch angle of 90 degrees to the magnetic time variations of the natural environment.
field direction will be independent of azi- These results are also applicable to deter-

Smining the perturbation to be expected from
math. However, if the particles arrive di. high altitude nuclear detonations.
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mally given as L, the distance of the line complete solar cycle has elapsed since their
from the magnetic center of the earth at discovery in the radiation belt in 1959. The
the magnetic equator, and B, the strength experiments and theories can now be eval-
of the magnetic field. B has its minimum uated to explain thes. protons. Since 1961,
value, for a, given line, at the equator and the trapped proton fluxes have been icas-
increases along the line 'toward the earth ured periodically by Space Physics Labora-
as the lines become crowded together tory scientists with nuclear emulsions ex-
forming cusps. posed in the South Atlantic anomaly on

A charged particle on the equator will recoverable satellites. More than 50 expo-
* circle about a magnetic field line as in a sures are now available. During the

cyclotron at a fixed frequency defined by 1964-1965 period, the 55 MeV proton fluxes
the particle charge and the magnetic field were in equilibrium and did not change.
strength. The radius of the circle is defined Thus, the source and loss terms were
by the field and the energy of the particle, equal. Since the loss rate is determined by
If the particle moves north or south, it will the known atmospheric density at this
be guided by the magnetic field in a spiral time, the magnitude of the source is deter-
motion about the line. The pitch angle of mined. This source strength can be utilized
this spiral will increase as the field increas- to predict the-expected time variation in
es until the motion along the line is trapped proton fluxes. Measured fluxes for
stopped* At this mirror point, the particle 1968 and 1969 showed sharp decreases
reverses direction, returns to the equator from previous years. This was due to the
and repeats this motion in the other hemi- increased atmospheric ionization losses
sphere. Due to the outward gradient in the during the solar cycle maximum. The in-
magietic field, the particles also slowly creased heating (luring the maximum of
precess around the earth. These motions, the solar cycle causes the atmospheric den-
cyclotron, mirroring and precessing, are sity above 200 kilometers to increase. In
defined by the conservation of three adia- the regions of interest (a few hundred
batic invariants of the motion. kilometers altitude), this increase is a fac-

Thus, the earth's field, which is essen- tor of 10 or more.
tially a magnetic bottle, will contain The experimental data thus agree with
charged particles indefinitely. The exact calculations of proton fluxes based on a
mechanism by which charges are naturally constant source and losses which depend
injected into this trapping region is un- on atmospheric density changes induced by
known. Particles may be artificially inject- solar activity. To fully define the inner
ed by high altitude nuclear detonations zone trapped particles, it is now necessary
such as the Starfish explosion in 1962. Such to determine the source intensity and cor-
a detonation both injects new particles and relate it with the measurements of the loss
distorts the magnetic 'field in such a way as processes reported here. Two possible theo-
to accelerate ambient low energy particles ries to explain the source of these protons
into the energy range of interest. are cosmic-ray albedo neutron decay and

The problem is to define source and loss solar neutron decay. The cosmic-ray albedo
mechanisms as well as redistrihutive neutron decay theory hypothesizes that
mechanisms. Changes in the flux can then the protons are the decay products of neu-
be predicted for any future time based on trons ejected back up from the atmosphere
a current or past observation, after high energy galactic cosmic rays

A significant portion of this flux in the cause nuclear reactions there. The solar
inner portion of the trapped region is high neutron decay theory postulates that the
energy (> 50 MeV) protons. More than a protons are the decay product of solar-
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t 9SOLAR PROTONS source outside the trapped region. This

diffusion, conserves the electron's magnetic
"-- t HERE moment and thus increases their energy.

The intensity of the electrons trapped in
this way is limited by wave-particle inter-
actions. Above a certain critical flux densi-
ty, interaction occurs between the elec-1;§1 b1 trons and self-generated whistler waves

;: ' (so named because their frequency-de-

pendent velocity of propagation produces a
whist.,2 on radio receivers). These waves

-accelerate the excess eieerons down into
PLAR CIRCULAR l \. SOUT A ANTIC the ionosphere 1r. polar regions, causing
ORBIT AT4 0 m MA |EIC\ patches of enhanced ionization. Data ob-tained from OV1-13 showed that these

Satellites such as S72-1 travel .n low circular waves transfer energy from low energy
orbits. They are used to observe solar fluxes particles on the equator to high energy
which have ready access to the polar regions particles further down the-field lines. Elec-
and vary with solar activity. rhey are also tron losses at low altitudes, like proton
used to observe fluxes at the inner edge of
the trapped region which vary rapidly with losses, occur at high mirroring latitudes
latitude, longitude and altitude. These and small equatorial pitch angles, and are
trapped fluxes are particularly intense near dominated by atmospheric effects. Particlef certain magnetic field anomalies as in the
South Atlantic and near Hawaii. These flux- distributions observed on OV1-13 are in
es interfere with various Air Force missions good agreemen" with Jacchia's atmospher-
both as a direct radiation hazard and ic model.through their effect on the atmosphere.

emitted neutrons traveling through the HEAVY NUCLEI: Because they can cause
region. Both theories depend on the decay intense localized damage to human cells
of a neutron into a proton and an electron. and ultra-miniature electronic compo-The half life for this decay is 12 minutes. nents, heavy nuclei have been the subject

Because of variations of cosmic-ray pro- of a variety of secondary investigations.
tons, the cosmic-ray albedo neutro: decay Astronauts on the Apollo flights have re-
source would vary by 12 percent from its ported seeing a variety of light flashes in
mean over the solar cycle; these variations darkened or semi-darkened conditions. Re-were neglected. The solar neutron decay search in the Space Physics Laboratory

source should increase at the peak of the has shown that many of these flashes are
solar cycle. If such an incrl.ase occurred, it due to Cerenkov radiation produced when
was negligible. Further work is required to heavy, relativistic, cosmic-ray nuclei pass
test these source theories, through the retina.

The energetic electrons which predomi- The biological effect of heavy, slow par-
nate in the outer portion of the trapped ticles in human tissues is not well cstab-
region present a different set of problems. lished. The ionizing power of such particles
Analysis of OVI-13 data has shown that near the end of their range is believed to
their population increases during the geo- be sufficient to destroy the functioning of
magnetic disturbance following a )lar a sensitive cell with -. single hit. The end of
storm. Results from satellite OV1-13 indi- track effects for heavy galactic cosmic rays
cate that during such an event, electrons predominate at the level of high altitude
diffuse inward across field lines from a flight. Nuclear emulsions have been car-

- : -



. ... , , -•,..,J -: . ,, ,:., degradation of these functions is especialsly
S.':' . -T , 3 § acute when the area or path of operation is

a portion of the polar regions where radio
signals are blacked out by substorms and
Polar Cap Absorption events. These events
have also been known to producc spurious

,". signals capable of generating false alars.
- The maximum and minimum tiable fre-

_ quencies of a high frequency communica-tions network are dependent on the mag-
-~~ ios a hgreqec on iag-

neti activity and advance assignment of a
given channel requires a knowledge of the
expected activity levels. Magnetic com-
passes become less useful at higher ;ati-
tudes and of no value in polar regions
during periods of high activity. The detec-
tion of high altitude nuclear detonations is
also made more difficult. Aeromagnetic

In the LAPES experiment, 30 square meters detection systems, perimeter safeguards
of corpuscular phutongraphic material was and other magnetic devices must be oper-
carried by balloon to 37 km altitude. In a 21- ated at reduced sensitivity when their de-
hour exposure, 57 tracks of relativistic nu-
clei heavier than iron were recorded con- tection bandwidth corresponds to the nat-
firming the existence of these highly damag- ural frequency components of magnetic
ing unshieldable radiations. disturbances. Another example of the ef-

ried aloft by balloons and exposed to eval- fects of geomagnetic activity that should
uate the magnitude of this threat, and to be noted is the variation in atmosphericconfirm previous calculations on tis sub- drag experienced by artificial satellitesject. which is related to enhanced levels of

In order to detect heavy (charge greater activity. As a consequence, the orbital pa-
than that of iron) nuclei of relativistic rameters of the satellites can be changed
energies at flight altitudes, a balloon flight significantly, thus changing the predicted
was made from Holloman Air Force Base position of the satellite as a function oftime.
in May 1971. Thirty square meters of cor-
puscular photographic materials were ex- Scientists in the Space Physics Labora-putory photographi materials mesurent eo-
posed above 37 kilometers for 21 hours and tory undertake relevant measurements of
between 29 and 36 kilometers for eight particles and fields to construct and verify
hours. A sliding plate mechanism permit- a model of the coupled earth-ionospheric-
ted time discrimination of track detection. magnetosphere-solar wind systew, and to
Existence of these highly damaging, non- use the model and the various data collect-
shieldable radiations was thus confirmed. ed to develop techniques for predicting

magnetic activity. A valid prediction sys-
tem, giving advance warning of increases
in magnetic activity levels will then permit

GEOMAGNETISM the optimization of the various Air Force
functions most likely to be affected.

Increased levels of magnetic activity ad-
versely affect communications, navigation, MAGNETIC STORM RESEARCH: During the
surveillance and detection systems. The reporting period, two rockets %ere
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launched at the Churchill Research Range, study the spatial and temporal characteris-
Canada, into a very intense magnetospher- tics of the disturbance.
ic sub storm. The X-component of the mag- Data from past launches through Jdne
netic ground station went to -1150 gam- 1970 have been completely reduced and
mas and the 5577 Angstrom photometer analyzed. They show that the electrojet
showed the intensity of the aurora to be current system is more complex than a
greater than 100 kilorayleighs. These rock- single line current. Either a sheet current,
ets carried alkali-vapor magnetometers, or multiple line currents, or both are pr, -
aspect magnetometers and electr.on-proton ent (at diffI times). Particle data sh v
detectors. The purpose of the experiments that the elcctron spectra in an intense
was to measure particle energies, fluxes substormn may be composed of two compo-
and pitch angles during the most intense nents. One, an intense, low energy (6-10
phase of the substorm. Of particular inter- keV) component which rises slowly to peakL st is the height, extent, intensity and intensity and falls off rapidly, has an inten-
composition of the current system asso- sity proportional to its peak energy. The
elated with the substorm. These rocket-, second component has a lower intensity
were launched 80 seconds apart in order to (by several orders of magnitude) and has a

flat spectrum, thus indicating the possibil-
ity of more than one source for theseI" auroral electrons. In addition, one flight
indicated that the proton flux increased as
the rocket passed over the current. Fur-
ther investigation of this phenomenon is
needed, but it would indicate that protons
may be associated with the electroiet, and
electrons with the aurora.

. To complement the rocket study of the
* cleetrojet current, a ground station exper-

iment has been developed and is in use. It
S, employs the three-axis fluxgate magne-

5151 tometer data from the Churchill Auroral
Observatory, and also data from two
ground stations each consisting of a porta-
ble three-axis magnetometer. One ground
station is 250 kilometers south of Ft. Chur-
chill, the other 250 kilometers north. The
three stations send in X-, Y-, and Z-compo-
nent data each minute to a computer pro-
grammed to determine the height, intensi-

j, .ty, position relative to the Auroral Observ-
. atory, orientation and motion of the olec-

trojet current. These results, coul)led with
descriptions of the visible aurora, aid in
determining the optimum launch time and

Payload for the measurement of component are also used to interpret the rocket mag-
magnetic fields and charged particles within netic field and particle (ata.
an auroral disturbance showing main instru- Two Nike Tomahawk sounding rocket
mentation section, telemetry package, and
gyro attitude reference system. payloads were hanched 70 seconds apart
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on May 1, 1972 into a magnetospheric
substorm. The X-component of the mag-
netic ground station went to -450 gammas
and the 5577 Angstrom photometer
showed, the auroral intensity to be about
40 kilorayleighs. This disturbance moved ,
from the south and into the predicted
rocket trajectories. The first payload was
designed to measure field-aligned currents ..

which are considered to be an integral part r
of a three-dimensional current system as-
sociated with polar substorms since they
provide a means of transferring the driv- ,
ing potential for the auroral electrojet
down to the ionosphere from a source *'* .
region deep in the magnetosphere. The ,
field-aligned currents can be detected by
the magnetic field they create, w.Mch w;il P_
be normal to the much larger ambient
geomagnetic field. This requires an accu-
rate vector measurement of the magnetic -
field which is maJe with a triaxial fluxgate

magnetometer used in conjunction with an
automatic ranging current source incre Tomahawk sounding rocket payload Wthatmtcrnigcretsucinr- electric field sensors in extended position. '
mentally biasing out the major portion of ln
the background magnetic field in 127 dis- cautions were required to maintain "Inag-
crete steps of 1000 gammas each. This netic cleanliness" of the payload, including
gives high resolution to the magnetic field a non-conducting nose cone over the for-
measurement without limiting the dynam- ward section to reduce eddy current effects
ic range. Additional instruments included at the magnetometer position. A despin
a digital-output gyroscope capable of an mechanism was required to lower the rock-
angular resolution of 0.3 degree to deter- et roll rate so that the transverse magne-
mine the absolute attitude of the magne- tometer could "track" the ambient field.
tometer axes in space relative to an earth- The second payload was designed to
centered coordinate system; an electro- measure charged particle fluxes and ener-
static analyzer to detect the flux and ener- gty spectra, magnetic field perturbations
gy spectrum of electrons with energies and quasi-stationary electric fields (luring
from 0 to 20 keV that are typically found a substorm. A proton electrostatic analyz-
precipitating down magnetic field lines er and an electron electrostatic analyzet
above the auroral zone; a photometer, sen- measured the fluxes and energy spectra of
sitive to the 3914 Angstrom line of the these particles in the energy range of 1 to
aurora, which is used to determine the 16 k,,V; a scintillation detector measured
position of the aurora relative to the rock- electrons in the range of 16 to 200 keV; a
et; a rubidium magnetometer to provide a rubidium magnetometer measured the to-
near-absolute value of the total intensity tal intensity of the magnetic fick from
of the ambient field, and two coarse mag- which perturbations can be determined;
netic aspect sensors mounted along and and i. high-mpedance differential voltme-
transverse to the rocket axis. Special pro- ter with a high commen-mode rejection
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ratio measured the potential difference be- kind of micropulsation would result in a
tween two spherical sensors extended on specification of magnetic activity and indi-
booms from the rocket body and immersed cate its future development, and may af-
in the auroral ionospheric plasma. Analysis ford a means of forecasting unusual levels
of the measurements and observations is of activity, such as magnetic storms.
in progress. Scientists conduct advanced theoretical

The ground station experiment with a projects in the study of micropulsations.
triaxial fluxgate magnetometer at the At present, the effort is concentrated on
Churchill Auroral Observatory and two the calculation of the resonant spectrum of
portable stations, one at Gillam, 250 km the inner magnetosphere or plasmasphere.
south, and one at Eskimo Poi,', about 300 The plasmasphere is that volume of space
km north, gave very good data on several bounded within by the ionosphere and
nights. Just prior to flight, results from the without by the shell of dipole field lines,
stations indicated that there were two whose equatorial distance is from 4 to 7
different substorms occurring simulta- earth radii, depending on the level of geo-
neous'y, one slightly south of Churchill magnetic activity. These distances would
and one about 800 kin south. encompass phenomena occurring at lati-

tudes up to 60 to 68 degrees on the surface
MICROPULSATIONS: Low frequency,

small amplitude fluctuations of the earth's
magnetic field are called micropulsations.
Their periods range from about 1 to 1000
seconds and their amplitudes are generally
a gamma (10-5  ersteds) or less. Auroral ,2
zone events of 10 gammas or more are
occasionally observed. Geomagnetic mi-
cropulsations are considered to be hydro- .

magnetic waves propagating within the
magnetosphere. Hydromagnetic waves are
low frequency electromagnetic wa-ves ,
modified by thei. passage through, and ,
interaction with, the highly conducting
medium, principally ionized hydrogen, fill-
ing the magnetosphere. When micropuka-
tion frequencies are at the resonant fre-
quencies of the magnetosphere or its var-
ious components. e.g. the pl'asmasphere,
the neutral sheet, the plasma sheet and
geomagnetic tail, these waves should
transmit information on the structure and
conditions in the magnetuzphere. At other
frequencier they would provide informa-
tien on the sources producing such signals,
whether natural, such as va,-iations of the
solar wind aid particles entering the mag-
netosphere, or man-made, through modifi- Sounditig rocket payload for the study of
cation of the local environment at high auroral disturbances showing instrumerntu-

tion for the measurement of electric and
altitudes. The understanding of either magnetic fields and charged particles.
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of the earth. Substantial progress has been of any type ever obtained to the problem

made in developing the theory of hydro- of coupled hydromagnetic oscillations rele-
magnetic wave propagation in geometries vant to geomagnetic micropulsations.
representative of the plasmasphere. Only a The study of the properties of geomag-
few years ago the problem of hydromag- netic micropulsations (which originate in
netic waves in the magnetosphere was the magnetosphere) provides information
considered too difficult to be solved. The on the generation and propagation of hy-
physical parameters and the geometry re- dromagnetic waves. Three-component
suited in a strong coupling of the basic magnetic tape recordings of the micropul-
propagation modes. Now, due to in-house sations are made at the AFCRL field site
research, a successful solution of the p,-ob- in Sudbury, Mass. Three and one-half
lem is anticipated. The principal mile- years of an hourly, broad-bandwidth mi-
stones in this theoretical study of geomag- cropulsatinn index, M, for periods of 20 to
netic micropulsations have been: the dis- 200 seconr nave been used in a published
covery and correction of untenable simpli- statisticat study of the relationships of the
fying assumptions in previous studies of micropulsations to other geophysical and
the problem; the demonstration that more solar phenomena.
tractable geometries could be substituted The reduction of five months of the
for the difficult dipole geometry without three-component recordings to hourly field
changing the nature of the basic hydro- strength values for six contiguous octave
magnetic modes or their interaction; the frequency bands covering the period range
formulation of a particularly relevant cy- 16 to 1024 seconds has recently been com-
lindrical geometry, and, the determination pleted. Data from high-and low-sensitivity
of the various forms of steady state oscil- tracks on the original tapes have been
lations. These represent the first Alutions merged to form a single sample which

ATS-F GEOSTATIONARY
SPACECRAFT WITH MAGNETOMETER

REMOTE OBSERVATORIES AND DATA TRAMSPONUER

DATA RECEIVING AND
RECORDING STATION

ATS-F geophysical data collection syateim.

t
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accommodates the wide dynamic range roral electrojet index and is a measure of

(more than 70 dB) of the natural field substorm activity. These and other indices
variations. This large statistical sample is are scaled from magnetograms from se-
now being used to extend previous studies lected geomagnetic stations. While it is
of the micropulsations. The sample yields, clear that the interplanetary medium is
for example, six-point frequency spectra the driving force for geomagnetic activity
for each hour which display the diurnal as well as other magnetospheric phenome-
frequency and amplitude trends of the na, the exact nature of the cause-and-
data and alsc the similarities and differen- effect relationships among the various pa-
ces between the three components. Specific rameters involved in this interaction is far
examples of the interesting trends re- from being understood. One way of look-
vealed by the large octave-bandwidth sam- ing for cause-and-effect relationships is
pie may then be studied in more detail through statistical studies. Usually, a
by means of high-resolution frequency study of this type requires large quantities
spectra. of data for the results of the study to be

An empirical study of geomagnetic mi- meaningful.
cropulsation activity will be made using an In addition to the current ground station
array of surface magnetometers and a data collection program and the planned
magnetometer onboard a geostationary ground station-:atellite data collection sys-
satellite, the ATS-F. The surface observa- tem, a third source of data for theory
tories will be linked to the satellite by an verification and activity prediction is being
active RF command and data relay link utilized. Data from the satellites and deep
where ground data will be formatted, corn- space probes, Explorers 18, 21, 28, 33, 34,
bined with the satellite measurements and 35, Vela 3 and Mariners 2, 4, and 5 are
then sent back to the ATS data tracking analyzed by a statistical technique known
and comman'd station. The records pro- as multiple correlation analysis where
duced by this system will be computer- earth-based measures of magnetic activity
compatible magnetic tapes containing such as the X index are related to condi-
magnetic field measurements made simul- tions in interplanetary space. Detailed con-
taneously at the satellite and all of the clusions based upon the multiple correla-
surface observatories in the network. The tion analysis of the Explorer 18 data are:
difficulties normallv encountered in obtain- The single variable. most highly corre-
ing useful sets of miropulsation measure- lated with K are the solar wind speed, the
ments due to timing uncertainties, the variability otF the interplanetary magnetic
multiplicity of recording techniques and field (IMF) and the magnitude of the IMF,
differences in measuring instruments will in that order; Multiple correlation yields
be avoided, permitting participating agen- significant improvement over the best sin-
cies to devote the greater part of their gle correlations; Correlation coefficients in-
effort to productive scientific work. crease with averaging time up to - bout 18

hours, and, the most appropriate index of
MAGNETiC ACTIVITY PREDICTIONS: The magnetic activity for correlating with in-

interaction of the interplanetary medium terplanetary conditions is K,.
with the earth's magnetosphere provides From July 1067 to June 1968 the satel-
many measures or indicators of geomag- lites Explorer 33, an eccentric earth orbi-
netic activity. Examples of these indica- ter. and Explorer 35, a lunar orbiter, made
tors are K and AE. K1 is called a plane- coincident solar wind measurements for a
tary index and is representative of world- total of about 1500 hours. The excellent
wide geomagnetic activity. AE is the au- agreement of the bulk velocity and num-

---
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investigation. For example, the present
Al, l,8. degree of magnetic activity will be fol-
1ECH2 1 . -lowed by a level of activity either less

.. 5;" - than, equal to, or greater than, the present
2 9O5$ ,ER A z_,5.koI "68 level. From historical data, the distribution
I6X1o of magnetic activity which occurred, given
0an initial level, can be determined and
00 :'used to test proposed predictive schemes.

200 - '-" -'--- Finally, investigations have begun on
U " .- the geomagnetic indices themselves. Sem-0 !0.7- SOA FLUX ianndal and diurnal variations and persist-0 5 10 5 20 ence have been observed in the K index.

se r I 0ob , Studies are being conducted to determine

if these effects also occur in the AE and
Atmospheric drag of two satellites during Dst indices. Relationships among the var-
the October 6-7, 1960, mugnetic storm corn- ious indices are also being investigated.
pared with the geomagnetic planetary index This should lead not only to a better un-

derstanding of the indices themselves, but
ber density measurements of the two sat- also how to use them best in studying
ellites was used to show that the solar interplanetary effects and in predicting
wind is homogeneous over a time scale of geomagnetic activity.
hours and a diatance scale of about 60
earth radii. Since the two satellites meas-
ure essentially the same solar wind, the
two sets of observations were combired to CONVERSION
yield about 9000 hours of interplanetary
observations. Multiple correlation analysis
strengthened the earlier conclusion that Energy conversion research supports Air
Kp is the best index of magnetic activity Force requirements for electrical power
and that multiple correlation is significant- used in spacecraft and satellites. The life-
ly better than the best single correlation, times of satellites, and the power levels

Further detailed studies were made us- needed indicate thE:. the most desirable
ing data from the twin satellites called methods for obtaining electrical power are
Vela 3. Again, Kp turned out to be the best solar and chemical primary energy soure-
index and multiple correlation yielded dis- es. Solar cells can generate enough energy
tinct advantages, e.g., a correlation of 0.63 from sunlight to charge secondary batter-
with two variables compared to 0.53 with ies for use while a satellite is in shadow as
the best single one--bulk speed. well as operate the equipment. For short-

Explorer 34 measured both IMF and duration spacecraft experiments, primary
solar wind parameters during approxi- batteries and fuel cells can be used for life
mately 3200 hours. The correlation coeffi- support, operation of instruments, teleme-
cient increased from 0.52 to 0.80 using try, etc. Thermal energy, from the sun or
seven variables, from other heat sources, can be used for

Another approach to the magnetic activ- power generation in a thermionic diode
ity prediction problem is through statistics and for direct temperature stabilization of
compiled from historical magnetic activity instrumentation and controls. Research on
data. Some constraints applicable to short- controlled thermonuclear reactions and
range predictions were obtained from the plasma magnetohydrodynamic generators



may point the way to generation of very tetracene, dicyanomethylenefiluorene de-
high power levels on future flights. rivatives and a series of arylidene-indane-

dione compounds. These solids, suitably
SOLAR ENERGY CONVERSION: Presently, purified, are vacuum-deposited to form

solar power generation utilizes the silicon thin-film sandwich-type cells. The cells are
solar cell almost exclusively. The Space analyzed for conductivity response in the
Physics Laboratory has investigated sever- solar spectral region and the photovoltaic
al classes of organic and metal-organic characteristic curves are measured. The
materials as possible materials for cells l)erformance of the cell material is im-
which can overcome the weight and cost proved by modification of substituent
limitations of silicon solar cells. Silicon groups on the "backbone" molecular struc-
solar cells must be supported in heavy ture. The modifications made arc deter-
arrays, and the unitized fabrication tech- ri'ned on the basis of spectropbotometric
niques used in manufacturing the cells is and crystallographic studies of the rela-
costly. tionship of substituents to photoeonduc-

Organic materials have a special prob- tive and photovoltaic response. A different
lem; their characteristic high resistivity technique under levelopment involves the
causes low efficiency in devices using them. use of porl-hyrin derivatives in photoelec-
Photoconducti~t n,,wrials can solve this trochemical cells. Porphyrin derivatives
problem, since the device is required to can be transformed to an excited electron-
operate only in sunlight. Thin-film proto- ic state by ol)tical absorption processes in
type solar cells have demonstrated the the vis;ble region. These excited molecules
feasibility of using new organic materials, cm inject electrons into the conduction
Substituted ar')matic hydrocarbons and band of a suitably chosen semiconductor
their charge-transfer complexes lend electrode, thus generating a useful cur-
themselves best to this effort. Ex:'ml)les of rent. The effects of electron-dotor materi-
the classes of materials analyze( include als in enhancing this photocurrent are be-

ing established. -

;: .In addition to this work a program has
S been defined to improve the quality of the

silicon c#ll as well as to study other inor-
-A, ganic photooltaic materials. Custom cells

are fabricated on a pilot-plant line and
their performance is evaluated relative to
the best solar cells now available. Areas
for research include precise control of lith-
ium doping to offset radiation damage and
materials analysis for the application of

* thin-film gallium arsenide to higher effi-
ciency solai energy convursion.

THERMAL ENERGY CONVERSION: Direct
ion injection to neutralize the emitter clec-
trode space charge is being attempted, as a
means to improve existing thermionic con-

Evaluation of the photoconductive responst verters. Experiments have demonstrated
in the visihle -itclrA region nasist in t that a single injected ion can neutralize as
selection of inateri:ds for photovoltaic ener-
"y convereiun. many as 4,000 space-charge electrons ht-

45Z
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fore it recombines or migrates into the
emitter. Because this effect is much larger
than that predicted by simple linearized
plasmna sheath theory, a computer ainalysis
of a more complete nonlinear theory will
be made. If sufficient space-charge neu-
tralization by direct ion injection is possi-
ble, the use of cesiuim (with its attendant
corrosion p~roblemls) in thernmionic convert-

* ers will be obviated.
Two new mechanisms for energy con-

version are also being investigated. The
first is p~lasma electrophoresis which
pump)s gas from one end of a discharge
tube to the other causing sizable pressure
gradients to develop. A complete theory
for this phenomenon was developed in the
Space Physics Laboratory and this thecory -

has been verified experimentally for quies-
cent and striated (dC discharges. To deter-
mine the feasibility of applying the theory,
flo-,in p~lasnmas are p)ro-bed to determine
whether or not reverse electrophoresis car
gzncrate large enjugh potential gradients
anid earrents to warrant its use for energy A Pa Iysi of ir .r k,-u1 approa6h d is tarc
conversion. es in the strqtsvner of to~wplex crysbcal, cort-

tibutes to Oic limiderst-sadilli of the elm'-

ii.trorii propertie3 oniatkriai..

The serorid new tenirgy con osion
L~chanismi wi,,i ve studi-d in a program to

thmonstrate both the feasibDility nf ex-
t) ictr- power from rocket exhattsts, unod

alsko tbe p'.iliyo? eloctrivally coairol-
1;xthebr combustion and flow characteris-

-cs Pr ry experimcnio tin cditrusioo
flames in pruxr-iix ndct

-~that a turbuient.f-. c,-- miade lami-
wm (and vice-versa) Ly Ow aipplication of

t 'fcirk! fie!&~ with a total power consump-
tion of %s~l: a i£Nv milliwatts.

-. EtEC2Or.K&WY: The need for sub-
steritially Treater energy (density in stor-

T ~e ten.permnre of DC dischiirge in thie age cells ha., stimillated evaluation of a
IIIr~a energy cofl mi0o expeiment is an aliofitumrg.i ecrlyes-
iiprtit paranne'rr in calculatirg the :eo ltim~rg:i lctoyess
energy of the particle., In it plasma. wirns with theoretical energy densities an



135

order of magnitude or more higher than methods in which the material is doped
the current state ' the art. However, the with a rare earth clement to convert it to
containment and utilization of the ener- an n-type semiconductor. The conductance
getic chemical reactions involved in these of cadmium fluoride has been increased in
systems is difficult. Lithium electrodes re- this way by eight orders of magnitude,
quire a hydrogen-free electrolyte which resulting in a material that can be (lis-
must be rigorously cleansed of impurities charged electrochemically with negligible
(for example, water), which tend to react ohmic loss. New positive electrode materi-
with the electrode. Unfortunately, many als based on comlpounds of nickel and sul-
of the hydrogen-free solvents which are fur have been developed and have shown
otherwise suitable give solutions of low considerable promise in experimental cells.
conductance which impairs the perform- The electrochemistry program also re-
ance of the battery. Much of the electro- sponds to the requirements of the technol-
chemistry program is concerned with the ogy laboratories for research into problems
physical chemistry of these systems and of immediate importance-for example,
especially such properties as viscosity, die- the requirement for a method of determin-

K lectric constant and specific ionic solvation ing the state-of-charge of secondary alka-
which are related to the conductance prob- line batteries used for power storage in
lem. In addition, the program addresses satellite applications.
the problem of the positive electrode.
which is presently the limiting factor in
the performance of lithium cells. The prob-
lem of low electronic conductance in typi- PLASMA PHYSICS
cal positive plate active materials such as
cadmium fluoride and zinc fluoride has Temperatures so high that any element
been approached through new prel)aration will be a gas, so highly ionized that it

conducts electricity better than any con-
ventional material, and high energy densi-
ties: these are properties of l)lasnms, -hich
Smake them of great interest to the Air
Force. Plasmas make possible the magne-
tohydrodynamic generator, which has
higher efficiency because of its high oper-
ating temlperature, anl a power output

/ comlarable to a conventional generator.
- tf.a Other apl)lications of l)lasmas utilize spe-

cific molecules; for example, a gas laser
. uses electrons and the ionized gas to excite
t molecular constituents in a non-equilibri-

um manner for the generation of light.
Another application is the use of the plas-

4 ma for the controlled thermonuclear reac-
tor. The high electrical conductivity of
plasmas and their interaction with rmag-
netic fields is used to localize and contain

Very small changes in the concentration of the plasma, while ielf-excited nuclear
chemical reactants can be measured acca- reactions can take place and generate
rately with this sensitive differential spe-
trophotometer. energy.

j
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Unfortunately, the problems of handling
plasmas have prevented them from being
used to solve Air Force technological prob-
lems. If a plasma is pictured as simply a
collection of ions and electrons subject to
the classical laws of physics, the problem is
simple, but as the density of particles is
increased, a single particle begins to inter-
act with other particles. The distance over
which this interaction can occur, called the
Debye length, sometimes includes the en-
tire plasma. Each particle within the plas-
ma senses and reacts to the position and
behavior of every other particle in the
vessel at the same time. This gross interac-
tion of particles with each other not only
gives rise to certain conceptual difficulties,
but also allows waves and oscillations of
many different modes to propagate, which
can make containment difficult.cn maksconainmet dficla hys- Spectroscopic studies of a plasma for a high

In dliscussing problems in plasma p power short wavelength laser.
ics, it is natural to divide plasmas into two
temperature regions. In the lower temper- ed states decay into two separated atoms
ature region, atomic collisions, degrees of and emit laser light in the process; hence,
ionization, degrees of excitation of atoms, the name molecular dissociation transi-
electron-ion collisions and atomic spectral tions. A very promising candidate for such
emission are all important processes. In a laser is the excited state of hydrogen.
the higher temperature region, particle- In this program to develop such a laser,
particle collisions become less important, it has P,'st been necessary to calculate the
and few of the wave modes are damped. energy levels of the excited states of hy-
Thus, at high temperatures, acoustic drogen, and determine transition probabil-
waves, magnetohydrodynamic waves, cy- ities between these states. For example,
clotron waves, density waves, temperature the cross section for an excited state of
waves, and the deviations from equilibri- hydrogen to be photoionized had never
um which can generate these waves all been calculated. Using a new quantum
must be considered. mechanical theory suitable for these calcu-

lations, Space Physics Laboratory scien-
LASER AP LICATIONS: A continuing Space tists have determined these :zxss sections

!';ysics Laboratory program in low tem- and reported them in the literature. An-
perature plasmas has been concerned with other problem was determining the cross
applications to lasers. At the present time, section for the transitions from excited
the only high power lasers available are in states down to the ground state; these two
tne infrared. A earch has been conducted cross sections determine the rgain of a
to fisd suitable atomic transitions so that a laser. Cross sections and transition proba-
high polver laser in the visible or shorter bilities existing in the literature were
wavelengths can be built. Among the pos- found to be inaccurate and unreliable. A
sibilities are the so-called molecular disso- new computer program was set up in the
ciation states. Diatomic molecules in excit- laboratory and the calculation of the tran-

71
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picture of molecular hydrogen has been
calculated and published in the literature
for application to MHD generator design.

PLASMA DIAGNOSTICS: In probing the
optical radiation from a high density hy-
drogen plasma, Space Physics Laboratory
scientists noted an anomaly in the green
H-beta radiation from hydrogen. This

S anomaly was thought to be due to the
' presence of high frequency oscillations

., j with large fields in the plasma. However,
standard theory did not predict all of the
observed variances; therefore, a series of

_____ experiments was performed using helium-
hydrogen mixtures. Because a helium

,. Aligning an interferometer for gain meas- atom has two protons and two neutrons in
urements in a new laser plasma. a single nucleus, while a hydrogen mole-

i b fdcule has no neutrons and a relatively large! ";.sition probabilities for the hydrogen was
completed. distance between the two protons, theThlentep itheories of radiation for the two are very' 'The next step in the progr-am was to

design a plasma which would suitably ex- different. Experimental results for radia-
cite the desired transitions without des- tion from helium agreed with the theory,
troying the hydrogen molecules. To do and on the basis of these findings a new
this, a new medium consisting of hydro- theory of radiation for hydrogen has been
gen, helium, and xenon was considered. constructed which better reflects actual
Calculations have been carried out to d- plasma behavior, by accounting for the

ithe egrce of zt of such influence of particle collisions when cou-
tmdimndre in a of a e pled with a high frequency field.medium under the influence of applie Electric fields in plasmas not accessibleelectric fields, the electron temperature, to any
and the population of excited states to be other experimental technique can
expected. In this effort, careful considera- oc measured by this new method. Prelimi-
tion has been given to the effects of xenon nary measurements using this technique
on a discharge. It was found that as little have now been made in an attempt to
as 1 percent xenon could dramatically vtrify the theoretical predictions of the
change the dencity profile of ions within behavior of nonlinear waves in l)lasmas.
the medium. Theoretical calculations have This basic problem concerns the Air Force

'- now been extended to indicate that as because turbulent nonlinear waves not

little as one part in 104 of xenon could alter only affect the behavior of lasers and MHD
the discharge and optimize hydrogen for generators, but also form a basis for the
use as a lasing medium. At this time a phenonenological observations of plasmas
hydrogen molecular dissociation laser has in the ionosphere and in the sun.
not been developed. However, optimum
proportions of gases for a laser have been JOURNAL ARTICLES
determined, and the addition of xenon has JULY 1970 - JUNE 1972
been shown to enhance the ionization and B -YosPF, N., and Ruats, A. G.
eliminate unwanted complex ion states. In A Stati Modelfor the Nanolight DiScharge
addition, an almost complete theoretical J. of Appl. Opt., Vol. 9, No. 7 (July 1970)
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J. of the Am. Chemn. Soc., Vol. 94 (1972) TheaesonneBrirTer fIyrmyei
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143

LW-tronic Absorption and Fluorescence of 1970 Syrup. on Upper Atm. Cur. and Elec. Flds.,
Photoconductive Oivinylbenzes ESSA, BouJder. Colo. (17-21 August 1970)
162nd.Natl. Mtg. of the Am. Chem. Soc., The Effect j Asymmetry on Toroidal Hydromag.,netic
Wash., D. C. (12-17 September 1971) Waves in a Dipole Field

Fall Ann. Mtg. of the Am. Geophys. Un., San
O'F.REL, Z., FR. (S. Bonaventure Univ., St. Francisco, Calif. (6-9 December 1971)
Ponaventure, N. Y.) and FILZ, R. C. HYJroYI-.teti Waves and Eigenmodes ofthe
The Time Lke ndence of the Trapped Proton Magnetosphere
Energy Spectrum at Low Altitudes Ctr. for Sp. Res., Mass. Inst. of Techn., Cambridge,
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0,,5,7-Tetrar.itrfuorens: Comparison with 52nd Ann. Am. Geophys. Un. Mtg., Wash., D. C.
Two Related Mumw J'rivtim (12-16 April 1971)
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VI Meteorology laboratory

In spite of man's enormous strides in many
day activity continues to be significantly

affected or restricted by the weather. The
same is true of organizations like the Air
Force. When we examine its mission and
responsibilities, we are soon impressed
with the impact of weather on its activi-
ties.

It is important that some Air Force
systems be operable in virtually all types
of weather. To accomplish this objective,
the Air Force must act on two fronts. Its
first responsibility is to design systems
that are operable over a broad range of
weather conditions. The second is to sup-
plement these designs by modifications of
the weather affecting the success of the
operations. Of course, there are many
other Air Force activities which can be
delayed on the basis of a weather observa-
tion or a weather prediction. But whether
the deficiencies are in data needed in de-
sign, methods for significantly modifying
critical weather elements, or techniques
for improving observations or predictions,
the need for an Air Force program in
meteorological research and development
has been clearly established. The major
responsibility for this program rests with
AFCRL's Meteorology Laboratory.

During the period covered by this report
the program of the Meteorology Laborato-
ry included: research to improve short-
term forecasting of terminal weather con-
ditions; the modeling of large-scale atmos-
pheric cireulaLions; the definition of turbu-
lent transport processes in the atmospheric
boundary layer, and the application of
data from meteorological satellites to
analysis and forecasting. Also included

3
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were research efforts to improve the fore- '.'ransportation units and teams from Can-
casting and detection of clear air turbu- ada and the United Kingdom.
lence, the specification of high level winds
through indirect sensing, and the exploitp-
tion of weather radar techniques in studies
of thunderstorm development and motion MESOSCALE WEATHER FORECASTING
and of attenuation in precipitation.

The Laboratory program in cloud phys- "Ten degrees cooler in the suburbs." Such
ics included the development of techniques a phrase in the daily weather forecast is
of warm fog ditsipation and of cumulus the most familiar example of the general
augmentation to increase precipitation, re- fact that weather conditions are not al-
search on the nature of thunderstorm elec- ways uniform, even within a small area.
tricity, and specification of the characteris- This phenomenon is known as mesoscale
tics of precipitation fields in studies of the variability, and it can occur in time as well
erosion of rockets. as in space. Few air travelers have escaped

Responsibility for the development of the frustration of stacking up over a ter-
meteorological instrumentation for even- minal while landing traffic is slowed to a
tual use at weather stations of the Air dribble because the runway ceiling and
Weather Service and at the Air Force's visibility are fluctuating above and below
test ranges was transferred to the Meteor- landing minimums.
ology Laboratory during this reporting pe- Besides troublesome conditions at termi-
riod. The principal development items de- nals, many of the meteorological obstacles
scribed in this report include instrumenta- to military activities are intrinsically mes-
tion for measuring ceiling 'and visibility; oscale phenomena-severe local storms,
equipment providing remote weather ob-
servations; a fog detecting radar, a light-
ning warning set: improved sensors for use NEW HAMtJPSHIRE

in radiosondes, dropsondes, and rocket- •WSI
sondes; and improved sounding rockets, 2KJ
balloons, and systems to provide meteoro- .
logical measurements to altitudes of about r": 100 kmn. r' -

Although all the permanent quarters of * MASS

the Meteorology Laboratory are located A . qT.

within 15 miles of L. G. Hanscom Field, '.

Bedford, Massachusetts, climatic consider- ,
ations and the existence of unique support -
facilities elsewhere led Laboratory 3cien- .

tists and engineers to conduct field pro- .
grams at distant locations, ranging from
Maine to California and Minneiota to Flor-
ida. Success in these experiments is due in
large measure to the splendid cooperationand technical support and collaboration The AFCP.L M~esonet. Solid circles denote

locations of surface weather stations. Than-
received from many Air Force, Army, gles denote location of two towers, one at
Navy, National Oceanic and Atmospheric Hanscom Field, for observations up to a
Administration, Natioral Aeronautics and height of 275 feet, the other uouth of Hzn-
Space Administration, and Department of siom Field, for observations up to a height

o 850 feet.
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hail, and violent winds, to name a few. An report visibility, wind direction and speed,
ability to predict the mesoscale variability temperature, dew point, and precipitation
of weather would add substantially to the rate. In addition, vertical profiles of these
safety and efficiency of a wide variety of measurements, except precipitation, will
military operations. be reported from two towers, the taller-of

Unfortunately, the electronic computer which provides data up to 850 feet. The
that is supposed to be solving all of the other important features of the observing
forecaster's headaches does not even ad- network are the two radars located at
dress the problem of mesoscale variability. Hanscom. The FPS-77 surveys the entire
Instead, it aims to predict merely the aver- mesonet and well beyond. The vertically
age weather conditions for a sizable area pointing TPQ-11 provides a continuous
and interval of time. One reason for this is record of cloud structure directly overhead.
quite straightforward: even a computer The heart of the Mesonet is a computer,
can't forecast what it can't see! The con- which controls operation of the entire sys-
ventional weather oberving network con- tem-'collecting, processing, and display-
sists of stations separated by distances of ing the data. It can scan all sensors in the
tens to hundreds of miles, reporting at network once every five seconds, and var-
intervals of 1 to 12 hours. Such a network ious modes of processing are at the com-
simply cannot detect variations that occur mand of the human operator. For exam-
on a scale of miles and minutes. "fIe, the station data can be displayed as

But suppose weather were observed on miaps of either 1-minute or five-minute
the mesoscale. Could it then be forecast on running averages.
the mesoscale? One of AFCRL's newest
research programs faces up squarely to THE STATIONS: Although the Mesonet
this important question which has with- sensors are not the standard instruments
stood all prior attacks. The question the used by the weather services, they are all
researchers here specifically seek to an- commercially available devices which were
swer is: What spatial and temporal densi- selected after careful testing and inter-
ty, of what kind of weather observations, comparison. They are packaged in a rug-
leads to how much improvement in the ged and weatherproof station mounted on
predictability of short-period fluctuations a telephone pole at 25 feet above the
in airport weather? Their approach is to ground. This design makes the station eas-
establish a mesonet of observing stations ily movable, reasonably vandal-proof, and
with L. G. Hanscom Field, Bedford, Mass., readily accessible from a cherry-picker for
as its focus, and to conduct a systematic maintenance. The station measures 4 by 4
program of forecasting experiments, the by 6 feet with an 8-foot mast for the wind
emphasis being on the zero to four-hour sensors.
forecast. The most radical departure from stand-

ard instrumentation is the device used to
THE MESONET: For economy's sake the measure visibility. Conventionally, airport

mesoscale observing network is confined to visibility is measured with a transmissom-
a 40-degree sector extending 35 miles to eter which senses the extinction of light
the northeast of Hanscom, the most fre- over a path of 500 feet or more. Because of
quent wind direction during periods of low its long path length this instrument is
ceiling and visibility. The basic net consists impractical for general use in the Mesonet.
of 25 automatic stations, with separation The search for a substitute converged on
ranging from 1/2 mile near Hanscom to 5 several promising candidates, which were
miles at the outer edge. These statiOf3 will extensively tested on the coastal fogs of
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ter himself to focus the radar on the sector
and altitudes of his main interest. Also, the
radar's output is fed directly into the com-
puter, which produces in real time fully
calibrated and range-normalized maps of
echoes in true horizontal perspective. This
contrasts with the conventional radar dis-
play (PPI) where the echoes are not nor-

. . . ,--.. malized for range, and their altitude in-
creases with range. PPI displays are also
remoted to the forecast center, to serve as

, a yardstick for assessing the practical
value of the constant-altitude PPI (CAP-
PI) displays.

THE OPERATIONAL PLAN: Except for ra-
dar, the Mesonet is expected to be opera-
tional by February 1972. Radar will follow
in about three months. Subject to limita-
tions due to the size of the project's staff,
the forecast center will be manned around
the clock during periods of bad weather at
Hanscom. Forecasts will be made for peri-
ods ranging from 15 minutes to three
hours. Ideally, two forecasters will com-
pete in these real-time experiments, one of

One of the Mesonet stations. The sensors, them using conventional data, the other
from left to right, measure visibility, wind drawing also on the resources of the Me-
direction and speed, temperature and dew-
point, and precipitation rate. sonet.

Once a norm has been established for
Maine in the summer of 1970. One was utility of the complete net, experiments
found to give results that correlate well will be conducted with fractional data to
with transmissometer readings. This de- determine how forecasting performance
vice senses the forward-scattered light depends on type and density of the mesos-
from a path length of about 3 feet. To cale data.
permit its further comparison with the Forecasting techniques to be tested ini-
standard instrument, three transmissome- tially are those generally conceded to be
ters are also positioned in the Mesonet. useful for short-period forecasting-per-

The stations of the Mesonet are all sistence, extrapolation, and the like. It is
linked to the central computer via conven- reasonable to expect that with experience
tional telephone lines, the project staff will begin to evolve novel

techniques of improved performance.
THE RADAR: The FPS-77 is the same Their general aim will be to develop not

radar that is widely employed by the Air purely objective methods, but mixed meth-
Weather Service, but here it has been ods which preserve the maximum useful
provided with two novel capabilities. The role for the subjective skills and judgment
controls of the radar are remoted to the of the experienced forecaster.
forecast center, thus allowing the forecas- The ultimate goal of the program is to
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assess definitively the practical value of principle, we can predict the state of the
automated radar and mesoscale observa- system for any time in the future. Fur-
tions of varying type and station density. thermore, if the system of equations truly
It would be unrealistic to expect the Han- represents the important physical process-
scorn Field results to apply precisely to es in the atmosphere, the future state of
other locations with markedly different the model system should bear some rela-
climnatic or terrain characteristics. None- tionship to the future state of the atmos-
theless, the Hanscom experiments should phere itself. There are, however, three
establish guidelines of general validity, basic sources of error wl,.ich cause the time

development of the model to diverge from
the time evolution of the real atmosphere.
These sources of error are: errors in the

ATMOSPHERIC MODELING observed initial state which include errors
due to lack of resolution as well as instru-

In many problems, particularly those in- mental errors; errors produced by the nu-
volving small scale-sizes, the atmosphere is merical approximations required for the
treated as a laboratory and is studied di- solution of the system of equations, an
rectly. For problems where the interplay errors arising from the inevitable inade-
of forces and processes from the entire quate representation of some of the rele-
global atmosphere must be considered, the vant physical processes. All of these sourc-
prototype cannot be studied directly. es of error iVave interacting effects and
Therefore, simplified systems must be con- degrade the quality of the prediction.
structed which can be studied under con- However, AFCRL's efforts have been de-
trolled laboratory conditions. These simpli- voted primarily to improving numerical
fled atmospheric systems are known as procedures and physical representation.
atmospheric mudels and they have proved
to be extremely useful in predicting the RESEARCH ON NUMERICAL PROCEDURES:
behavior of the complex prototype system. The current practice of all operational nu-
The application of wind tunnel experi- merical weather prediction groups makes
ments to the design of airfoils and entire use of the space network approach in the
airframes is well known. Although models solution of the system of equations which
of large-scale atmospheric flows have been constitute the mathematical model. In this
investigated in fluid channels, we are con- approach, observations of the dependent
cerned here with the use of mathematical variables are interpolated onto a regular
models of the atmosphere. array of gridpoints in space, and differen-

All of the forces and processes cperating tial quantities are represented in terms of
in the atmosphere can be expressed in finite difference approximations. Since the
mathematical form in terms of time and entire system of equations must be solved
space as independent variables. The time- at each gridpoint before the variables can
dependent equations permit the prediction be extrapolated in time, the limits of the
of a future state from some present or capacity of the computer and the time
initially known state of the system. The available for the forecast restrict the num-
distributions of the meteorological ele- her of gridpoints in the network. Natural-
ments at some instant in time define the ly, the ' -er the number of gridpoints, the
system. If we can construct a valid, inde- greater the growth of error due to trunca-
pendent equation for each of these ele- tion and lack of resolution. Therefore, it is
ments, and if we know their distribution in vitally important, given the available ca-
space at some moment in time, then, in pacity and cpeed of a computer, to use the
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most rapid and efficient means of solving formed system of equations directly-
the system of equations. Greater efficiency without the requirement for a series of
of solution will permit finer resolution and two-dimensional relaxations. Such rectan-
increased accuracy, or, with the same res- gular computational domains with con-
olution, will produce a saving in machine stant map scale factor are suitable for
costs. AFGWC's fine-mesh, limited area model.

4 The operational large-scale model of the Test computations in limited area rectan-
Air Force Global Weather Central gular domains have been carried out and
(AFGWC) at Offutt AFB, Nebraska, have proven that the method of direct

i makes use of a three-dimensional iterative solution is not only feasible but results in
procedure known as relaxation to obtain an additional saving in machine time by
the predicted wind field. This procedure is about a factor of 2, thus reducing the
costly in machine time and has therefore machine time required in the conventional
been a subject of study at AFORL with method of solution by a factor of 8.
the aim of improving the efficiency of
solution. MODELING OF OZONE DYNAMICS: A ma-

By means of a simple modification of the jor aspect in the improvement of the phys-
model equations being used by AFGWC it ical reality of mathematical modeis lies in
is possible to simplify the method of solu- the incorporation of additional processes.
tion and at the same time avoid the need Thus, although a dry atmospheric model
for a three-dimensional relaxation. The may be adequate for predicting the broad-
meth id of solution permits a decoupling in scale atmospheric circulation for one or
the vertical so that a time-consuming two days in advance, it would hardly be
three-dimensional relaxation is replaced adequate to predict cloudiness or precipita-
by a series of much simpler two-dimen- tion. Since the Air Force operates at levels
sional relaxations-one for each level in in the stratosphere where ozone is an im-
the vertical. A number of test computa- portant trace element and since AFCRL
tions carried out at AFCRL have shown has had a long standing interest in ozone
that this method of solution requires only and stratospheric circulations, the Labora-
one fourth the machine time as the con- tory has designed a mathematical model to
ventional method, but produces essentially study the complex, nonlinear interactions
identical forecasts. Furthermore, the ma- among the relevant processes 'of ozone
chine storage requirements are smaller; photochemistry, ultraviolet and infrared
this feature by itself could result in a radiation flux-divergence, and atmospheric
considerable improvement in efficiency. circulation. That these processes have im-
AFGWC is now carrying out its own tests portant nonlinear interactions is clearly
of the new method of solutio- to deter- evident from the fact that in a static
mine whether or not it is feasible to em- model, photochemical equilibrium predicts
ploy it in operational analysis and forecast- a maximum of ozone near the equator
ing. with a monotonic decrease toward the

The above procedure is geared to a non- poles. Observations, however, show larger
rectangular domain of integration, such as amounts of ozone at high latitudes than
the octagonal domain in which the near the equator. Furthermore, because of
AFGWC macro-scale model is solved, its photochemical and radiative properties,
However, if the computational klmain is ozone affects the temperature of the at-
rectangular and if we can 26sume ti.at the mosphere, which in turn alters tWe circula-
map scale factor is a constant over this tion. The circulation not only affects the
domain, it is possible to solve the trans- temperature distribution but through var-
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ious transport mechanisms changes the ical processes are known to be affected by
ozone distribution. To complete the circle water vapor. In addition, a major improve-
of interlocking effects we note that the ment can be made by designing a model
reaction rates which control the photo- with three full dimensions in space. With
chemical production and destruct-on of such a model it is not only possible to study
ozone are temperature-dependent. To de- the complex processes described above, but
scribe this process the AFCRL model con- it becomes a relatively straightforward
tains equations governing the horizontal matter to determine the effects of atmos-
motion, mass continuity, the first law of pheric contaminants on the normal behav-
thermodynamics incorporating radiation ior of the stratosphere.
and ozone photochemistry, an ozone pro-
duction and dynamics equation, and the YREATM94T OF DIFFUSION BY LINEAR FIL-
hydrostatic equation. To simplify the com- TERING: An important problem in numeri-
putations, the system is transformed by cal modeling of the atmosphere is that of
averaging over longitude and parameteriz- adequately representing the sub-grid-scale
ing the stress terms. The vertical and atmospheric processes in terms of the larg-
north-south meridional wind components er-scale features which can be resolved by,
are combined into a stream function, and ae explicitly treated by, the model's
which, with the remaining dependent var- grid tystem. Although this problem is
iables of ozone and potential temperature, shared by all numerical models of the
is determined at a network of 22 levels in atmosphere, it is particularly important in
the vertical (from the earth's surface to a extended range solutions with global mod-
height of 66 kilometers) and 18 points els, the so-callr.d General Circulation Mod-
distributed in latitude from pole to pole. els.

Model calculations have been carried out During the past year substaitial effort
for a variety of model states in time steps was devoted to incorporating numerical
of two hours for periods of up to two filtering procedures as an integral part of
years. It is found, not unexpectedly, that large-scale numerical-dynamical models of
transport processes, with no diffusion, tend the atmospheric circulation. These filtering
to increase the amount of ozone at high procedures had recently been developed
latitudes at the expense of the low lati- and used at AFCRL as a means of main-

. tudes, but are incapable of actually revers- taining computational stability in numeri-
ing the distribution. When eddy diffusion cal experiments. It was possible to show

j processes are incorporated, the calculated that the same procedures could be used
ozone distributions are much more realis- very effectively to represent the physical
tic. The predicted ozone amounts at low process of atmospheric diffusion in numer-
latitudes are very close to the observed ical models.
values. However, the high latitude The principal difficulty with convention-
amounts obtained from the model are too al representations of diffusion is that they
low. damp the medium-scale eddies which in

The results to date indicate a number of the atmosphere perform the important
improvements which should be made in the function of transferring energy from po-
model. P is apparent that eddy diffusion is tential to kinetic. As a consequence, these
important, but a linear eddy diffusion is models develop too much energy in the
incapable of producing counter-gradient mean flow and very long waves. After
flux, which is probably necessary to ex- about 30 model days, however, the model
plain the observed ozone distribution. Fur- produces medium-scale waves, Although
thermore, the model is dry and photochem- we see the development of cyclone wave
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disturbances, the energy of the mean flow of the British model, the spectral distribu-
is unrealistically high as compared with tion of energy in the filter technique was
the atmosphere's. compared with those in the conventional

The filter was developed to permit a technique. The fraction of the total var-
greater discrimination between the short iance of the wind was calculated for each
waves which must be strongly damped and of three wave-iumber categories. Wave
diffused and the medium scale waves numbers 1-4 represented the very long
which should remain relatively unaffected planetary waves, wave numbers 5-12 the
by the diffusion operator. This filter is middle waves, and wave numbers 13-36
based on the simple concept of first apply- the short waves. Computations with both
ing a smoothing operator which removes techniques started from the same initial
two-grid-interval waves and strongly data on day 0. As the computations pro-
damps three-grid-interval waves. The ceeded, it soon became apparent that by
smoothing operator is then modified by a day 8 conventional diffusion had produced
series of inverse operators which restore a significant increase in the energy of the
almost all of the amplitude damped by the planetary waves at the expense of the
smoothing at middle and long waves, energy of the middle waves. After only

A test of the filter was carried out eight days, the model atmosphere, with
jointly with the Meteorological Office of conventional diffusion techniques em-
the United Kingdom, Bracknell, England, ployed, had lost the ability of the real
to whom we are indebted for making their atmosphere to maintain the important
circulation model available and for their middle waves.
efforts in carrying out the integrations. The integrations with the filter diffusion
The results of this test are summarized in showed a completely different develop-
a comparison of the integrations obtained ment. Between days 5 and 6 the middle
with the filter with an earlier set of inte- waves actually had more energy than the
grations it which the Meteorological Of- long waves. After day 6, there was a
fice's conventional nonlinear diffusion was tendency for the spectrum to return to the
employed. distribution shown on day 0, but there was

In experiments with a two-level version still more energy in the middle waves than
on day 0. This variation of energy in the

E ] COE(NTIONAL WAVDF N UMBERS L-4 t middle waves is consistent with variations
70 F- ,. occurring in the real atmosphere. The re-

60 oi m sults of this experiment clearly show con-ventional nonlinear diffusion damps the
ZL middle waves far too much, with the result

4o [1,1 that the model atmosphere after a rela-

i0 tively short time no longer resembles the
S[ I Ireal atmosphere, and filter diffusion main-

20 L tains the important middle waves much aso0 - they are maintained in the real atmos-

- -i L- phere.
DAY 0 DYI 001A4 DAY5 A Ao DAY7 DAY8 AY6

Mean energy spectra as a function of time
when conventional and filter diffusion tech-
niques were applied to the British Meteoro- ATMOSPHCRIC BOUNDARY LAYER
logical Office's model of the general circula-
tion. The more realistic results obtained for
the medium and long wave energy are very When meteorologists refer to the atmos-
marked at the end of eight days. pheric bo indary layer, they may be refer-
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ring to a fairly shallow layer of atmos- southwestern Kansas in 1968 to pkovide
phere extending from the surface to the data necessary for an examination of
heights of about 50 to 100 meters. Or they this hypothesis. The data included wind
may be referring to a much deeper layer and temperature profiles to a height of 32
extending from the surface to a height of meters above ground, measurements of

about 1500 meters. The first layer, often wind and temperature fluctuation at
referred to as the surface boundary layer, heights of 5.66, 11.23, and 22.6 meters, and
is one in which the wind velocity is deter- direct measurements of the earth's fric-
mined by the vertical temperature gra- tional drag on the overlying atmosphere.
dient and the roughness of the underlying Analyses of the data were on a wide vari-
surface, while vertical transfers of heat, ety of subjects within the general frame-
momentum, and water vapor are essential- work of the basic hypothesis, the objective
ly constant with height. The deeper layer, being to relate average properties of the
usually called the planetary boundary turbulent flow to a "universal" similarity
layer, shows the effect of the earth's rota- parameter derived from the quantities
tion in a turning of the wind vector with mentioned above.
height, while vertical transfer rates of The analyses showed that the vertical
heat, momentum, and water vapor de- transfers of heat and momentum were
crease with height. indeed constant with height within at least

It is important to the Air Force that the the first 32 meters, a demonstration which
structure and dynamics of these layers be provided the basis for further applications
understood since so r;iany Air Force sys- of the similarity analyses. A derivation of
tems are operated within the planetary expressions for wind and temperature pro-
boundary ltyer and are thus dependent files in terms of similarity coordinates was
during the design stage and in eventual accomplished. A detailed analysis of each
operation on the degree to which meteoro- term in the equation expressing the budg-
logical parameters in the lower atmos- et of turbulent energy was completed, the
phere can be specified or predicted. But, in result being the most complete description
addition, many systems operating in the of the processes of turbulent energy pro-
free atmosphere above the planetary duction and dissipation to date. A similar
boundary layer are dependent on weather budget was prepared for temperature fluc-
forecasts, some of these for periods great- tuations. A rational, systematic description
er than 24 hours. For such forecasts to be of the spectral properties of the wind and

improved, the numerical weather forecast- temperature fluctuations was developed,
ing models used in operational forecasting suggested in large measure by the analy-
must incorporate the effects of processes ses of profiles and energy budgets conclud-
occurring within the planetary boundary ed earlier. In summary, every analysis per-
layer. formed supported the basic similarity hy-

pothesis. Thus, the Kansas field program
EXPERIMENTAL RESULTS: One of the prin- has provided the first experimental evi-

cipal hypotheses formulated to describe dence of the validity of the hypothesis.
atmospheric motions in the surface bound- The next step in the research program
ary layer is one which states that the has been an extension of the region ofL vertical heat and momentum transfers, interest to include not only the surface

j1, prevailing buoyancy, and height above the boundary layer but the remainder of the
surface are sufficient to characterize the planetary boundary layer. In-house scien-
flow when steady-state and horizontally tists elected to begin this effort by embark..
uniform conditions prevail. Experiments ing upon a joint program with colleagues
were conducted over the flat plains of in the Meteorological Office of the United



sors were mounted at he.-.hts of 500 and
1000 feet on a 1200-foot .,ower while the
British sensors wek , fl",n close by at the
samd heights. Fifty experiments were con-
ducted, each providing one hour of turbu-
lence data. Detailed analyses of the two
sets of experimental data have begun.
However, preliminary results indicate that
the British techniques are admirably suit-
ed for studies of the planetary boundary

In a comparison test, AFCRL and BMO
sensors were mounted on a mast at Eglin 9 S- ,
AFB. The AFCRL sensor is a three-compo-
nent -tic anemometer with a fast-response
platinu.i temperature sensor mounted near
the rear post of the sonic. The British sen-
sors consist of cups for measuring total wind
speed, hot wires for wind inclination angle,
and platinum wires for temperature. The
wind vane keeps the British sensors contin-
uously oriented into the wind.

Kingdom. The British scientists have de- -

veloped a technique in which captive bal-
loons are used to cat wind and tempera-
ture sensors to heights of several thousand .
feet. In 1969 and 1970 comparison tests
were conducted in which the AFCRL and _- . . o", ,
the British sensors were mounted side-by-
side on a tower.

Since the tower tests showed a satisfac-
tory matching of response characteristics,
attention shifted to another area of con-
cern. Since the British sensors were even-
tually to be mounted on the tethering Comparison experiments were conducted at

cable, how significant is the motion of the Eglin AFP in 1971. AFCRL sonic anemome-
sensor package induced primarily by the ters were mounted at ,500 and 1000 feet on

the 1200-foot tower shown here. The British
motion of the balloon? A field program was sensors were mounted at similar heights on
conducted at Eglin AFB, Florida, in Sep- the balloon tethering cable. The balloon is
tember and October of 1971 to obtain the identical o the barrage balloons used over

London during World War II and displaysanswer to this question. The AFCRL sen- exceptional aerodynamic stability.
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layer. The next phase in the joint program procurement, ana installation of a system
will be conducted at a new AFCRL field which will provide simultaneous measure-
site in western Minnesota in 1973. There ments of wind and temperature at a num-
the AFCRL techniques will be employed in ber c.f locations alongside the Edwa'ds
the surface boundary layer while the Brit- AFB runway. In order to determine the
ish techniques will be used in measure- spacing between sensors, they conducted
ments of heat and momentum flux in the an experiment at Edwards in May of 1971,
remainder of the planetary boundary in which sensors were mounted at twelve
layer. positions along the test runway with sepa-

ration distances ranging from a few feet
AIR FORCE APPtlCATIONzi: In-house scien- to a mile. The objective was to find the

tists have also been active within the past correlations of wind and temperature as a
two years in a joint research program in function of separation distance. These cor-
laser propagation with scientists at Rome relations were then used to determine the
Air Development Center (RADC), Griffiss optimum sensor spacing in the design of
AFB, New York. The AFCRL role is to the runway meteorological system.
provide expertise on the subject of atmos-
pheric turbulence, a feature of the atmos-
phere which affects the propagation of
laser beams. The AFCRL responsibility is SATELLITE METEOROLOGY
to provide experimental and analytical ex-
pertise for studying the important fine- In recent years the satellite meteorology
scale temperature structure of the mediun program has been primarily concerned
through which laser beams are propagat- with the application of meteorological .3at-
ed. The most significant outcome of this ellite data to the forecasting problems in
effort has been the demonstration thnat Southeast Asia (SEA). This goal has been
turbulence parameters pertin,.nt to laser approached from two directions. The first
propagation theory can be derived from is to improve the quality of the data re-
the micrometorological data collected in ceived at local readout sites in SEA. The
Kansas in 1968, provided that the propaga- second approach is to develop improved
tion path is horizontal and the overall area forecasting techniques using satellite and
is reasonably homogeneous. conventional data sources. A third area of

An interesting meteorological problem study is the interpretation and evaluation
t arises when it becomes necessary to know of Direct Readout Infrared (DRIR) data.

how meteorological measurements at one
point of an Air Force base differ from DIRECT READOUT DATA OPTIMIZATIONS:
simultaneous measurements made else- In the direct transmission mode a satellite
where on the same base. At Edwards AFB, broadcasts the data it is sensing in real
California, where aircraft testing is done, time and the signal can be received and
it is important to know how wind and processed by an inexpensive ground sys-
temperature affect test aircraft during tem. At high priority sites, the Air Force
take-offs and landings. But if these mete- has installed a more sophisticated. but still
orological elements vary significantly relatively inexpensive, photoprocessor to
along its 15,000-foot runway, then it may convert the signal into a picture.. This
become necessary to have measurements system has the controls to compensate for
made at a number of points. Such is the variations in the range of signal in differ-
case at Edwards AFB. AFCRL scientists ent satellites and sensing systems. Thus it
have cssumed iresponsibility for the design, contains the means of producing a high



to a more converent size. Because of the
nature of the scanning system which
senses the temperature data, the earth is
intercepted during only about 33 percent
of each revolution of the sanner. This
results in an image 2 3/4 inches wide on
the standard 8-inch paper. In-house scier-
tists were able to increase the size of the
image by doubling the speed at which the
light source traverses the photosensitive
paper and blanking out the unwanted half
of each revolution of the-scanner

Aside from the convenience of being
able to work with a larger picture, this
modification also raakes practical the ex-
traction of quantitative temperature data
from the picture. The shades of gray -on
the picture are proportional to the temper-
ature of the emitting surface as indicated

A compar son of slze of DRIR imagery be- by a step-wedge that is transmitted in the
fore (right) and after (eft) modification is signal. By virtue of the expanded picture it
shown. The actual width of samples is 2 3/4 is possible to measure the gray shade with
and 5 1/2 inches. Dark aeas are regions of
high thermal emission and represent surface a densitometer and convert it to tempera-
and low cloud features. Brighter areas are ture over a representatively small area.
clouds. The atmospheric window between Thus, even remote sites can have the ad-
10.5 and 12.5 micrometers is used to sense
these thermal data. vantage of quantitative black ody tem-

peratures of the feitures observed by the
quality image regardless of the character- satellite.
istics of the signal.

At AFCRL, techniques were developed SOUTEAST ASIA STUDIES: The develop-
which considerably eased the task of ad- ment and improvement of techniques for
justing the controls to produce an opti- forecasting weather in SEA continued
mum picture. These techniques have been through 1971. Because forecasters as-
passed on to Air Force operational units by signed to this area were given brief tours,
means of reports, training classes, and emphasis was placed on the development
visits to sites in California and SEA. Dur- of objective techniques which would not
ing the 1970-71 period, three consultant require extensive training or experience.
visits were made to SEA to install modifi- AFCRL s,.udies concentrated on the fore
cations to the Muirhead K300A/1 recorder, casting of rainfall during the showery
tune up the equipment, and 4rain person- summer monsoon period. Under such cir-
nel in its operation, maintenance and cali- cumnstances rain gauges do not provide
bration. A week-long training class was representative precipitation data. A more
held in Taiwan for the forces in the Pacific reliable estimate of the precipitation was
area, and an installation was made at the derived from the area of a wather-r-4-
Air Force Satellite Test Center in Sunny- scope covered with precipitation echoes.
vale, California. This radar index was related statistically

The latest improvement to the system to the cloud cover on the satellite picture,
has been to expand the J)RIR presentation and a technique was develop.-A to predict
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the index 24,48 and 72 hours following the Nevertheless, interesting results were
acquisition of the satellite picture. Specifi- achieved by the experiment. The identifi-
cally, key areas were selected on the satel- cation of cirrus clouds, even those barely
lite picture in which the cloudiness was detectable in satellite visual dat., pre ents
related to subsequent shower activity at no problem in infrared imagery. Their
Saigon, Pleiku, Udorn and Ubon. shape and texture is easily recognizable as

The skill of this technique was enhanced is their "brightness' when compared to
by including in the regression equations other clouds in low and middle latitudes.
pessures and/or pressure gradients from However, except for cumulonimbus anvils
key stations. In practice, the forecaster and small patches, their temperatims are
uses the satellite picture to estimate the not represe~itative of their altitude be-
average cloud amount in a 4 degree lati- cause of their emission characteristics.
tude by 4 degree longitude box in the key Data collected on the aircraft flight of
arma for the particular station. The cloud May 14, 1970 illustrate some of the difficul-
amount, the pressures,. and the pressure ty in determining cirrus temper,.tures, The
gradients are entered on a nomogram to flight was conducted over the eastern Pa-
arrive at the forecast radar index. The cific, the northbound and southbound legs

process takes two to three minutes. This being at altitudes of 33,00 and 36,000 feet
technique demonstrated measurable im- respectively. Wind conditions along the
provement over climatological and persist- flight were variable, generally consisting
ence-type forecasts. of several layers of cirrus, the highest of

which was above the aircraft even at
INFRARED STUDIES: Previous studies at 36,000 feet. At times these layers merged

AFCRL have disclosed that the assump- into one thick layer which obscured both
tian on which infrared thermometry is the sky and water. Over the aircraft track,
based,--that clouds emit as black bodies in satellite-measured temperatures, based on
the 11.5 micrometer band--does not apply'p generally to ie-crystal or cirrus clouds.
Aircraft measurements disclosed values of
emissivity ranging from 0.10 to 0.95 for
cirrus clouds. This means that these clouds
will transmit heat from below and will
appear warmer to the radiometer than the
temperature of their environment. In May
of 1970 the opportunity arose to partici-
pate in a program to compare the temper-
atures of cirrus clouds as sensed by the r-
satellite's 11.5 micrometer radiometer with ,
those measured from an Air Force recon-i4 naissance aircraft. The program ran into
two difficulties. One was the inability to
find optically dense cirrus outside of thun- An aircraft track, in white, is superimposed
derstorm areas. The other was sporadic on an 115 micrometer DRIR image. Satel-
programming of the DRIR mode in the lite-measured temperature of ci-rus cloudpi otops are shown in black numerals and are in
reconnaissance areas, which prevented co- degrees C. Aircraft-me2tured temperatureslection of sufficient satellite data to per- ar or below dud tops ranged from -61 tofo af qufiientit at ellie odathe tomr- 8 degrees C. This shows that relatively
form a quantitative ana;ysis of the tern. dense jet stream cirrus cannot be treated as
perature comparisons. a bbsck brdy.
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the assumption that a cirrus cloud radiates Accidents ae not the entire story. While
as a black body, were between -41 degrees severe turbulence is encountered only
C and -43 degrees C while aircraft meas- about once every 35 milion miles, airliners
ured temperatures were between - 51 daily experience the lesser intensities of
degrees C and - 58 degrees C. Since the turbulence which extract penalties in such
cloud tops were higher than the aircraft, terms as efficiency and comfort. Military
their temperatures were even colder than aircraft are at least as susceptible to the
the aircraft-measured temperatures. Thus full range of turbulence problems. Even
we see that in. the 11.5 micrometer band though passenger comfort per se is not a
even relatively dense jet stream cirrus can major consideration, turbulence of only
emit at a tem'perature at least 15 degrees modest intensity adds to fatigue of an
C warmer than the true cloud-top temper- airframe and can degrade the performance
ature. of the military crew member. Further-

Another important result of this aircraft more, a stable platform is essential to

experiment was the verification that an- military operations such as aerial photog-
other satellite IR sensor, the 6.7 microme- raphy and mid-air refueling.
ter radiometer, is capable of providing the Clear air turbulence, which was respon-
basis for improving the temperature data sible for more than one third of the acci-
sensed in the 11.5 micrometer band. The dents cited above, is the more insidious
atmosphere contains extensive areas of threat. Thunderstorm turbulence is unlike-
very thir cirrus clouds. These clouds can- ly to take an experienced pilot by surprise,
not be identified in the satellite video or even at night or when the convective cells
11.5 micrometer data and cannot be de- are imbedded in general cloudiness. Air-
tected by the eye except at the very low borne radar provides adequate warning in
viewi ig angles provided by an aircraft- these cases. But for forewarning of CAT, a
based observation. The importance of pilot can at present look only to forecasts
these clouds is that they contribute errors or to reports from preceding flights. Be-
to the temperature values sensed by the cause of the peculiar nature of CAT, nei-
11.5 micrometer radiometers. Therefore, ther source affords flawless warning.
the identification of these thin cloud areas Both the cause and the nature of CAT
in the 6.7 micrometer band will provide the are still conjectural. Most likely, several
basis for correcting the cloud-top and mechanisms are individually capable of
earth-surface temperatures under such generating CAT, but Kelvin-Helmholtz
clouds. (K-'H) wave instability is thought to be the

most common cause. This type of wave
instability results from strong variations
of the wind in the vertical occurring along

CLEAR AIR TURBULENCE (CAT) thermally stable layers in the atmosphere.
Thes2 stable iayers, sometimes referred to

American jet airliners still encounter se- as intetnal fronts, are relatively shallow
vere turbulence some three to four times a layers in which the temperature is nearly
month, and .ttrbulerce continues to be at constant or even increases with height.
least a contributing factor in about 20 Therefore, one would expect CAT to be
percent of all aircraft accidents. During assmciated with both large vertical wind
1964-1969, turbuhemce was involved in 97 shear and strong thermal stability.
air carrier accidents, in which 228 persons Regardless of the particular mechanism,
were killed and five aircraft destroyed. For all CAT appears to be a mesoscale phe-
just one of these years, tINe direct cost of nomenon, characterized by space and time
turbulence areidents exceefded $18 million, scales that are elow the detection limit of
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the weather observing network. This is . C, -

why so much is still unknown about the k" PI

nature of CAT and why forecasts of its 0-

occurrence are so limited in accuracy.twAN
For some years now, AFCRL has been 0 l 1

Smaking a three-pronged attack on the f( _ -/ .
CAT problem aiming to develop improved t
forecasting techniques and to explore the
limits to which ground-based radar can
detect CAT.

Thefla~ stpAVEcc IN HOP0

FORECASTING TECHNIQUES: The first step ...
toward improved forecasting techniques is K .
to identify and investigate the mesoscale Ile _--_-. --
atmospheric structures associated with the
occurrence of CAT. Among other things, This network of radiosonde stations was
we must know what causes these struc- used in Project HAVEN HOP. The line Ierom
tures to develop, their typical size, shape Westminster, Maryland (EMI), to Richmond,

Virginia (RIC), denotes the treak of theand life cycle, and whether they can be RB-57 aircraft lown in the CAT study.
predicted from standard weather observa-
tions. were logged, including some 35 hours with

Project HAVEN HOP was designed to instrumented aircraft. Peduction of this
provide such information. The field phase enormous mass of data to a computer-
was conducted during a six-week period, compatible format has only recently been
beginning in January 1970, over an area in completed.
the vicinity of Wallops Island, Virginia, Although analysis of the 14 cases is not
chosen for its proximity to appropriate yet complete, certain conclusions have be-
radars. gun to emerge. Regions containing CAT

The observational network consisted of often have a crosswind extent of 100 miles
eight mesoscale radiosonde stations sur- or more, but individual patches of moder-
rounded by four synoptic scale stations. ate-or-stronger CAT seldom exceed &5
During operational periods, the mesoscale miles in width. A generally turbulent re-
stations released rawirsondes every two gion may retain its identity for two to four
hours and the peripheral stations every six hours, but the individual patch of CAT is
hours, if needed. Turbulence was detected much shorter lived. Consequently, while a
by RB-57 aircraft traversing the ground forecast of the location of individual
network at a succession of altitudes along patches seems quite hopeless, there is
a fixed ground track between Westmin- promise that forecasts will be able to delin-
ster, Maryland, and Richmond, Virginia. eate successfully the general regions of
For the latter half of the six-week period, CAT and to state the probability of en-
the aircraft were instrumented to record counter therein. CAT is associated with
standard meteorological variables as well thermally stable layers containing strong
as turbulence. vertical wind shear. The HAVEN HOP

Turbulence situations developed over observations are consistent with the view,
the experimental network on 14 occasions expressed earlier, that CAT is a manifesta-
during the field phase. Intensity was mod- tion of Kelvin-Helmholtz instability.
crate or greater in about half of these To test this hypothesis further, the field
cases. All told, more than 600 rawin sound- phase of HAVEN HOP II was conducted
ings were made, and 80 hours of B-57 time in northwest Texas in February-March

4f
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197-9. Since the data for this purpose had to
be more accurate and on a finer scale than 1515
in HAVEN HOP 1. the observations incor-
porated some new features. The rawin I /////,s

soundings were made at intervals of 90, MDT CAT
* ~~rather than 120 minutes, and the balloons -k44I/II ~1

were launched upwind of the tracking sta-
tion to preclude loss of wind data when 4 3/////,, -9

speeds were high. 1LG1.3

RADAR TECHNIOUES: It was noted earlier
that the choice of sites for HAVEN HOPI1 2 4 6 810 12 14 0 5 10 15
had something to do with radar. The par- rHERMAL STABILITY- W/IND SHEAR
ticular radars are three exceptionally pow-
erful and sensitive sets at. Wallops Island

whic AFOL, i a oopeativ proram Height proiles of thermnal stability at Dulles
with NASA, has been using since the Airport (thin line), Lzonhazdtovni, Maryland
mid-6O's to study radar "angels"-the oc (thick line), arid Walloos Island, Vfrginia

that have (dashed line), and of MuWn -ahea t Dullescasional echoes from clear air tahve Airport during a period of clear air turbu-puzzled radasr meteorologists for years. An lance sre-0town. Note that the CAT layerit,
early result was to prove that one clas of moderate aiid light, amc near the peasks in
angels is due to tiny point targets, such as thermal 94bility And wind shear.
insects, whereas another is due to inhonio- wiave index of refraction. It seemed plau-

gecities in the atmospheric field of micro- sil ht ublnce is the source of these

4511fRic ~ft EMIinhoniogvneities, but it was initialxly an
1 h -r-r--i I---,' I I , -- r- .- 0~ open ques~iuon whether this is turbulence in

14* L ... D E= tz CAT the aircraft sense, for the scale length of71 *.. T 30 JAN 1970 f inhornogeneities that a radar sees is sever-
MMMO- al orders o m~agnitude smalter than theE-sit wavelengths of turbulence that affect air-

Aborat. five years ago, it was first verifled

once t3blec whnfyn hogat Wallops th'at an aircraft doesi experi-

22 !ayer marked b~y the secnd class of clear-
* a~ir radar echoes. Additional 4ata have

124 r 27  since been taken, particularly in 1969 andL IMZ M~j IM z it i 1970, telatter 1 o~ucinwt
0 30 W 90 0 - 0 W 90 i~o HAVEN HOP 1. By now, the amumulated

total of 705 gimnultaneouq radar and air-
Tim an spce aritios o CA at shw, craft obseriations has been fully analyzed,

for three airrft profilca. EAch profile can- and t6e conclus'wns are definitive. All
siats of a ouccession of horizontai paace at clear-air echo iayers are. turbulent to small
2000-foot interals over th Axe tyck *t aircraf t of the fighter class, and or. the
which waa roughly perpendic-;L.. to iae
wind direction. The fi.-t airt, in its ns, other hand, not Al turbulent regions are
cent, found little CAT. The secoivi, in ascent visible to rz'dar. The strong CAT is the
and doacnt a few hours late r, found a moelkytob eecdbyra.Spif
number of areas with at least modorste i r ieyt edtce yrdr pcfCAT. icprobabilitie8 are shown in the following

table:



Percentage of Observed CAT Detected by Wallops Island Radars During 1969 and 1970

ALTITUDE (kin)
CAT
INTENSITY 0.5-3 a-6 6-9 9-12 12-15

LESS
THAN 100 88 44 67 100
LIGHT

LIGHT
OR 100 100 81 93 92
GREATER

_ From the large number of detailed rad* r The equipment development program
observations of CAT, it is clear that sensi- was dominated by two requirements: auto-
tive ground-based radars are reliable sen- matic data reduction and unattended oper-
sors of CAT regions. A ground-based CAT a'ions. Even though the second require-
detection system is within the realm of ment was not fully met since full-time
present technology, although at present operation -,uld require daily inspection
the system would probably be prohibitive- and twice weekly preventive maintenance
ly expensive, as well as tape changes, the Stanford Mark

In addition to their use as CAT detec- II set, developed by Stanford University in
tors, high power radars permit us to view an AFCRL program, was recommended as
or map a variety of wave structures in the an international prototype standard by
clear air. Occasionally long waves are de- Working Group 10 of the Inter Union
tected by such radars. The wavelengths Council on Solar Terrestrial Phenomena at
may be a few tens of kilometers ana the the 1971 COSPAR meeting in Moscow.
wave amplitude about one kilometer. This success can be directly attributed to
From time to time, AFCRL scientists have the philosophy of using an on-line comput-
detected large secondary K-H waves or er in the initial AFCRL system and placing
billows occurring on the up slopes of long the computer as far forward in the system
waves. The bili - - s have wavelengths of as possible so that changes in the system
about 1 kilometer and amplitudes of about can be made by changing software (com-
100 meters. Experience in AFCRL's CAT puter programs) rather than by changing
research program has shown that flight hardware (tubes, circuits, etc.). The design
through these billows can be quite turbu- experience gained from the AFCRL sys-
lent. tem was incorporated in the computerless,

solid-state Stanford Marl, 11 system.
A small beacon in satellite OV1-17 was

used to calibrate the AFCRL set at Dur-
UPPER LEVEL WINDS ham, New Hampshire, and the Stanford

Mark II set at Eglin AFB, Florida. Inter-
Meteors entering the earth's atmosphere ferometer techniques were incorporated
leave ionized trails. One of the programs in into the AFCRL set by the University of
the Meteorology Laboratory has been to New Hampshire to obtain height measure-
observe these trails with radar to obtain ments. The beacon calibration showed that
information on wind variations in the 80 to this method was more accurate than the
100 km altitude region, method previously employed, and that all

L7_



164

4 MAR 1 1970 DURHAM, N.H downward propagation of energy from the
I 2 4 $ lP 7# 10 I 10 H 1 ) 2 3 2 1Z 222 thea.1 m thermosphere by the diurnal mo. In all

W \ \Z3"cases the semi-diurnal mode propagated

7-~ energy upwards and the sum of the propa-10 gation of energy by both the diurnal and

E semi-diural modes -ias always upward.
a i .0p, There are two methods of determining

" a a a a .a a a '-- aaa a a .. a the height of the meteor return. The most
accurate and difficult is to measure the

N ) .1 0.t*,0 range and elevation trail. The
0. O 4.0 (2R /0 \ indirect method is to obtain the height

, - io- \s from the rate-of-decay of the radar return
~~ of "underdense" trails. Since this tech-I 4 5 4 7 " 1 10 11 1211 14 1$ 19 IT 6 il 4$ 20 2: 2 2 3 24 ,i ql d t

HouRs rsr nique is dependent on the validity of some
unproved assumptions, these decay-
heights should not be used on an individual
basis. However, when monthly mean har-

An example of the mean diurnal horizontal basi.anaweves when mthly men a-
wind field obtained by the AFCRL radar nonic analyses by both methods were ap
meteor trail set at Durham, New Hamp- plied to data from the same set during the
shire, b tween March 6 and March 21, 1970. same month, they showed very similar
Altitude was determined by newly incorpo- variations with height. Hence, there is
rated interterometer equipment, and the
data reduction and analysis were done on height information contained in the decay-
AFCRL's central computer. Speeds are giv- rate of underdense trails. In particular,
en in meters per second, and ositive values this means that simple radar meteor trail
are to the East and North. systems, which do not provide for meas-

of the calibrations could be made at. urements of range and elevation angle,
ground level, thereby eliminating the need may provide information on the climatol-
for future satellite-borne calibration bea- ogical variation of the winds with height
cons. in the 80-100 km region.

Meteor wind observations were taken at
Eglin AFB during three periods when
winds were also obtained from chemical
trails released by rockets. The few obser- WEATHER RADAR TECHNIQUES
vations obtained indicate that the two
methods measure the same neutral wind of The weather radar program at AFCRL is
the atmosphere. centered at two locations. The primary site

Winds at Stanford, California, and Dur- is at Sudbury, Massachusetts, where work
ham, New Hampshire, reconfirmed pre- is focused on the observation of precipita-
vious results obtained at AFCRL and at tion systems and on the development of
other mid-latitude, northern hemisphere better weather radar and display systems.
stations. Recent analyses at AFCRL show Here, local thunderstorms and large con-
that there are rapid phase changes of the vective systems are observed to learn more
semi-diurnal wind component during per- about their structure and dynamics and to
ods near the equinoxes when the prevail- deduce the ficlds of vertical and horizontal
ing wind temporarily becomes easterly. winds, wind variability, and moisture con-
During three separate periods the diurnal tenL Four weather radars are in operation
wind component rotated in a counterclock- at Sudbury. Three of these, a 10-cm FP'-6,
wise direction, indicating that there was a a 3.2-cm CPS-9, and an 0.86-cm TPQ-11,

r -
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are standard radars although experimen- of range and velocity information on the
tal modifications have been m.,de to each. same radial coordinate. As the radar an-
The fourth radar is a nonstandard radar, tenna rotates, the location of any precipi-
designated the Porcupine Doppler radar, tation echo is marked by a'series of narrow
and it provides information on the radial concentric arcs, in distinction from the
wind component. A fifth weather radar solid pattern of the conventional PPI. The7 used by the Meteorology Laboratory is the arcs represent consecutive range gates
FPS-77 located at L. G. Hanscom Field. spaced 855 meters apart. The distance of
The output from this radar will be proc- each arc from the center of the PSI display
essed digitally, and the information will is the sum of a large term which corre-
be incorporated with other da'.a in the sponds to range, plus a small term, utiliz-
Mesoscale Weather Forecasting Program, ing the normal allotment of space betwten
described eh iwhere in this report. arca, which represents velocity. Conse-

The second site is located at Wallops quently, a smooth, even-spaced pattern of
Island, Virginia. The program at this site narrow arcs indicates a homogeneous wind
is sponsored jointly by AFCRL and NASA field throughout the storm echo, with no
and is carried out with the help of the appreciable velocity gradients. A disturbed
Applied Physics Laboratory, Johns Hop- wind pattern, on the other hand, is easily
kins University. At the site are three high- recognized by the irregular appearance of
resolution radars operating respectively at its PSI arcs. They are wrinkled, indicating
wavelengths of 71.5, 10.7, and 3.2 cm. Dish intense shear. Abnormal broadening of thesize for the first two is 60 feet, for theI third, 34 feet. The very sensitive Wallops
Island radars are used to investigate struc-
tures and phenomena in the clear atmos-
phere, the most important of these being
clear air turbulence (CAT). Results utiliz-
ing these radars are included in the de-
scription of CAT research.

SEVERE THUNDERSTORM WARNING BY
DOPPLER RADAR: The remote identification
of tornadoes and other hazardous manifes-
tations of severe thunderstorms is a task
particularly well suited to Doppler radar,
which can measure velocities of objects
moving toward or away from the radar.

The plar, she'.r indicator (PSI) display of theUntil recently, however, no conv incing AFCRL -meteorological Doppler radar at
demonstration of this capability has been Sudbury, Massachuietta, shows a severe
possible, because acquisition as well a thunderstorm at a 9-degree elevation angle.
proceising of complex Doppler spectral The bull's-eye pattern in the lower left is

side-lobe return from ground targets sur-
information was much too slow for ade- rounding the radar. North is toward the top
quate surveillance of rapid developments and east toward the right. The nearest edge
in an array of thunderstorms. The job can of the storm echo to the north of the radar

is at a range of 16 km and a height of 2.5 km.
now be done with the aid of a recently Disturbances in the wind field within the
developed display technique called the storm, indicated by sharp wrinkles in some
Plan Shear Indicator (PSI). arcs and enlarged widths of others, are espe-

Iin lly prominent in the vicinity of the echo'he key to the PSI display is a sharing core.
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arcs indicates wind disturbance in the with respect to its tangent circle. Since it
form of small-scale turbulence. The ap- has high visibility on the PSI display and is
pearance of an echo hole is indicative of a quite easy to measure, it may be closely
pronounced disturbance. related to the manner in which the PSI

The PSI currently in use with the Labo- eventually may be used operationally.
ratory's meteorological Doppler radar at The maximum value of tangential shear
Sudbury, Mass achusetts, obtains its veloc- was determined as a function of height for
ity signals from a coherent memory filter. each sequence of storm observations. Av-
This is an analog device which produces eraging all observations on a given day
waveforms representative of Doppler ye- yielded a characteristic vertical profile of
locity spectra at all range gates in a small maxirhum tangential shear for the day.
fraction of a second. In terms of a scan- There is a spread of values in the charac-
ning antenna, the nearly simultaneous teristic profiles within each of the three
processing of spectra permits rotation of classes of storms, and the profiles demon-
the antenna at speeds comparable to those
employed with conventional storm surveil-
lance radars (five or six revolutions per 1o SEVERE 5 DAYS

minute) without compromise of angular MARGINAL 3 DAYS

resolution beyond the limits imposed by NON-
the antenna beam width. Such speed ena- j
bles the Doppler radar operator to monitor
the entire volume of all storms surround- 8
ing the radar, except those passing over-
head, once every three to five minutes, ..

which provides plenty of %oportunity to 1
pick up any fast-breaking new develop - __

ments in the velocity structure of the 6
storms.

PSI records analyzed so far include 22
storm days during four summers. Five of ZZ
the days were considered as severe storm
days on the basis of reports of heavy wind 4

damage or large hail. Three days were -
labeled "marginal" because the damage
was only minor, or, if cevere, had ceased in
all storms before radar observations com-
menced. The remnaining 14 storm days
were considered to be clearly non-severe.

Disturbances in the wind field within
storms are very easy to recognize on the o
PSI display, but not readily amenable to a 0
complete description. In this preliminary AVERAGE MAXIMUM SHE4R (10'sec " /
.tudy, a Doppler-sensitive vorticity param-

eter, maximum tangential shear, was se-
lected for analysis. This parameter, de" Vertical profiles are shown of the spread of
fined as the gradient of Doppler velocity in maximum tangential shear, averaged over
a direction normal to this velocity, is pro- all Doppler PSI observations taken during

each of 22 storm days, and categorized as
portional to the maximum slope of any arc evere, marginal, and non-severe.



167

strate a clear distinction between severe 10 27 AUG. 1971

and non-severe days.

A detailed examination of the data
showed that storms characterized by rela- A: 5.45cm

tively smooth Doppler PSI patterns B: 3.2cm
throughout their volume, with measured I C: 0.86cm
shear everywhere less than 10- 2 sec- 1, * .. \
were invariably free of damaging winds k C BIA
and large hail at the ground. High shear 5 AA,

values were necessary but not, however, a *" •
sufficient condition for severe surface "..
weather. At times a great deal of wind
disturbance may exist aloft without man-
ifesting itself at the ground. For this rea-
son, the PSI display appears to be particu-
larly well recommended as a technique to I I I
warn aircraft in flight against hazards to 2 4 02

safe penetration of clouds which contain REFLECT6VTY FACTOR (m 6 m 3 )
regions of disturbed wind field. There are

preliminary indications also that the PSI Height profiles of radar reflectivity taken
technique, or equivalent alternative Dop- sequentially at three wavelengths. The dif-
pler processing methods, may provide a ference in reflectivity at each wavelength is

warning of 40 to 60 minutes of the even- a measure of the attenuation at each alti-

tual descent of tornadoes or similar well tude.

organized damaging winds to the ground. tions at the ground and computing the
attenuation and rainfall rate theoretically

ATTENUATION IN RAIN: In recent years, from these distributions has the disadvan-
the increased use of communiication satel- tage that the results are valid only at a
lites and microwave links has emphasized point and may not be applicable to the
the importance of the effect of intervening situation aloft.
zones of precipitation on signal strength. Many of these problems have been over-
Accurate measurements of attenuation in come in an experimental program at the
rain are difficult to obtain at a single AFCRL Weather Radar site in Sudbury.
wavelength. If the path is short so that the The key to the program is the availability
rain field can be conG~dered homogeneous, of radar observations at three wave-
the total attenuation between transmitter lengths: 5.45, 3.2, and 0.86 cm. The three
and receiver is generally small and the radars are pointed vertically, and observa-
percentage error in measuring the attenu- tions of received power are obtained at
ation coefficient is intolerably high. If, on altitude increments of 150 meters. The
the other hand, the trancmission path is return signals are digitized, and proces.ing
long enough so that the attenuation will be is carried out on a computer. Because only
large compared with the error in power incremental changes in the received power
measurement, there will generally be fluc- are considered, precise calibration of the
tuations in rainfall intensity along the radars is not necessary, provided the radar
path length which are difficult to measure, calibration remains constant over the in-
and the correlations between attenuation terval of the measurements. Attentuation
and measured rainfall rate may be unrep- is obtained by appropriate comparisons of
resentative. Measuring drop-size distribu- the received powers from one altitude to

-.. . . . ..... .
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another and between different wave- 12 27 AUG. 1971
lengths. It is well known that attenuation 1
is larger at the smaller wavelengths. The *

attenuation at 5.45 cm is generally less : 0.86 cm
than the uncertainty in the power meas- 10 -
urement and can be neglected. Thus, the
measurements at three wavelengths yield " "
the attenuation coefficients at 3.2 cm and *" "
0.86 cm as functions of the radar reflectiv-
ity factor at 5.45 cm. .- "

Measurements of drop size distribution
at the ground are provided automatically I
by means of a distrometer. This device 10

transforms the mechanical momentum of ZS1
a raindrop impinging on the sensor into an
electric pulse. Momentum is a function of 0. 10
size, so the number of electric pulses of 10 1I02 10 0 105

each magnitude is a measure of the num- 6 -3
ber of raindrops in each size interval. The REFLECTIVITY FACTOR (mm m
distrometer results can be used to cali-
brate the 5.45 cm radar.

In addition to measuring radar reflectiv- Reflectivity versus attenuation coefficient as
ity, the 5.45 cm radar has a Doppler capa- measured by radar during a five-minute in-
bility which allows it to measure the veloc- terval in moderate to heavy rainfall.
ity distribution of the raindrops. When the
radar is vertically pointing, this velocity case, also, the distrometer measurements
distribution can be converted to a size serve as a calibrationof the radar data.
distribution, thus yielding the drop-size Future work will include a more de-

distribution as a function of height. In this tailed analysis of the drop-Aize distribu-
tions aloft and their relation to attenua-
tion, and a statistical analysis of the rela-

, ,.tion between reflectivity and attenuation
° 'j- ' in several storm situations.

WARM FOG DISSIPATION

Ever since the early days of aviation, the
. presence of widespread areas of fog has

severely limited air operations. In spite of
the growth of fairly sophisticated technol-
ogies in the past 70 years, take-off, land-

A raindrop distrometer. The momentum o. a ing. and rescue operations in fog situations
drop impinging on sensor (right) is convert- hay., remained hazardous, while the diver-
ed to an electric impulse which is stored in sion of traffic due to fog has become more
the processor (left). Analysis of the number and more expensive. It is not surprising
of Impulses of each magnitude interval pro-
vides measurement of drop size distribution that scientists have sought to go beyond
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the development of techniques of observ-
ing and forecasting fog to the develop-
ment of fog dissipation techniques. !v the q 
mid-60's, researchers had provided op~ra- .".

tional methods of clearing cold fog, the
term used to denote a fog made up of
droplets at temperatures below t],- normal
freezing point. The artificial dis,,p,,.tion of
warr., fog, however, has been a mcre iffi-
cult problem.V At AFCRL, three approaches hav been
followed in attempts to develop operation-
ally useful techniques of dissipating warm
fog. Most field experiment, have been
based on and have benefited from the Helicopters were flown at Lewisburg, West
calculations made with numerical models Virginia, to clear a 6000-foot runway of
simulating the important physical proces- warm fog. The swath was prod.ced by a

single CH47 (Chinook) helicopter in a fogses involved. which was 125 to 150 feet deep.

HELICOPTER TECKNIQUES: By 1908, the to determine diffusion coefficients that
fog-clearing capabilities of helicopters had were typical of the fog as helicopter-pro-
been demonstrated by scientists of the duced clearings filled following the cessa-
Meteorology Laboratory in pilot experi- tion of active clearing efforts. The Labora-
ments conducted at Eglin AFB, Florida, tory has established the types of helicopter
and Smith Mountain Lake, Virginia. In flight paths and the modes of flight which
1969, the laboratory performed a more will provide the most effective clearing of
extensive set of experime,'t at Lewis- an airport runway under varying condi-
burg, West Virginia, in a joint program tions of wind speed, wind direction, and
with the U.S. Army. The latter experi- turbulent diffusion.
ments were designed to provide quantita-
tive information about the capabilities and AIRBORNE HYGROSCOPIC PARTICLE SEED-
limitations of the helicopter clearing tech- ING TECHNIQUES: .- ino the past four
nique. A report describing these experi- years, the Meteoro'ogy Laboratory has
ments and conclusions was published in been pursuing a rese.rch program to de-
October 1970. It revealed that large heli- velop the technology fo disipating warm
copters were consistently capable of pro- fog by airborne hygrost~pic p~article seed-
ducing clearings with diameters ranging ing. When hygroscopic particles such as
from 500 to 1500 feet when the depth of pulverized salt are injected into a fog, they
the warm radiation fog did not exceed 400 absorb water vapor from the air, thereby
feet. Such clearings were suitable for heli- causing the fog droplets to evaporate. The
copter landingz. Moreover, it was shown approach has been to conduct an interac-
that in certain wind and turbulence condi- tive program of field experimentaton and
tions, one or more helicopters can clear an computer modeling of the treatment ef-
airport runway 6000 feet long if the fog fects.
depth does not exceed 300 feet. The results of early experiments result-

The Lewisburg data were investigated ed, in particular, in the recognition of the
further to determine the climatology of importance of turbulent mixing on the
radiation fog of the Appalachian type and effectiveness of the salt seeding and per-
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mited it to be included in the model and seeding patterns to overcome the target-
treatment considerations. Field experi- ing problem and to extend the usable life-
ments to test the more realistic model time of the clearings is being investigated.
were conducted on California valley fog in
the fall of 1969. Good agreement was GROUND-OASED HEATING TECHNiQUE: In
found between the model predictions and the spring of 1971, the Laboratory under-
the results of these experiments. The tech- took the development of a thermal fog
nical feasibility of clearing warm fog by dissipation system that is efficient, yet
salt seeding from aircraft was established noiseless, smokeless, and safe for landing
by these experiments, aircraft. In this technique, the tempera-

Before proceeding with other experi- ture of the fog environment is raised by
ments, Laboratory scientists used a com- approximately 4 degrees F, supplying
puter model to evaluate the fog clearing enough heat to evaporate the fog droplets
capability of numerous, potentially effec- and sustain the additional water vapor.
tive hygroscopic materials. Since salt is The technical feasibility of the ground-
corrosive to metals and detrimental to based heating technique has been adequate-
plant life, it is not practical for use in
populated areas or over airport runways.
Urea was found to be most practical since
it is neither corrosive nor caustic; it is
highly beneficial to plant life, and it is .
relatively inexpensive. Microencapsulation
technology, in which dry crystals or solu- --
tion droplets are chemically packaged in-I-
side thin, harmless coating shells, was ex-
ploited to provide for the sizing and stabi- -

lization of, the otherwise friable urea par- -- j
ticles, thereby optimizing its efficiency as a
warm fog seeding agent. PLAN VIEW

Another setr -f field experiments was RUNWAY
conducted at Clellan AFB, California
during January of 1971 to investigate the
practicability of using the microencapsu-
lated urea particie seeding technique to
improve the visibility in fog at an airfield
to operationally useful levels. Although
significant clearing of the fog was pro-
duced by the seeding, the lack of constancy
of the wind field made targeting of the
cleared zone a difficult problem. The tech- ",,
x.que cannot be employed reliably on an RUNWAY
operationat basis until satisfactory proce. VERTICAL VIEW
dures for positioniig the cleared area over
the desired location are developed. More A conceptual schernatic of the merging heat
accurate wind information than is provid- plume system of warw, fog dispersal By the
ed by currently used instrumentation is time the heat from the individual burners is
required to properly design warm fog dis- trannported over the runway, the plumes

ha.ve merged and the heat is nearly uniform-sipation operations. The use of area-wide lyidtributed.
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ly demonstrated in the past. Thermal fog field and more recently through numerical
dissipation systems that have been deve- modeling of cumulus evolution and of the
loped to date, however, suffer from ineffi- effects of aircraft seeding. Recently con-
cient heat distribution and pollution, noise, ducted experimental and theoretical work
and ttrbulence problems, on the modification of warm cumulus

The thermal fog dissiipation system l' clouds is described in this section.
ing developed by this Laloratory is based
on the controlled merging plume concept. MODIFICATION EXPERIMENTS: In the
In this concept, the fluid mechanics of 1950's AFCRL sponsored c;perimentz con-
bent-over heat plumes in a wind field is ducted by the University of Chicago that
used to determine the intensity and the showed positive statistical e,;idenne that
spati.l distribution of burners that are warm convective clouds can be modified
required to produce a uniformly heated when they are sprayed with water. The
mass of clear air over a runway. The recent successfal developmeat of a tech.
required heat is produced by burning a nique %'f microencapsulating urea has en-
relatively lean burning fuel such as pro- couraged AFCRL scientists to take anoth-

pane. A model is being developed to deter- er look at the potential for modifying
mine the burner intensities and spacings warm cumulus clouds. The encapsulation
that are required to clear fog urder var- technique has provided us with a new and
ious meteorological conditions. effective class of seeding particles that are

A pilot-scale heating s.tem which is medium in size, have a n.rrow size distri-
capable of improving the vi,:ibility to at buti.-, are ton-corrosive, and are easily
least 1/2 mile over a 400-foot length of handled.
runway is being designed. It will be tested Thercfore, when AFeCRL experiments in
at Vandenberg AFB, California, during warm cumulus modification were conduct-
July of 1972. The objectives of these ftests ed in September of 1971, the seeding ma-
are to demonstrate the feasibility of the terial used was microencapsulated urea.
controlled merging plume concept and to Furthermore, though the chances of suc-
acquire data for designing and estimating cessful in.-dification .f maritime cumuli
the cost of a full-scale operational system. are somewhat less than for continental

cumuli, the availability of air space over
ocean areas led to the selection of an ocean
location east of the Florida peninsula.

CUMULUS CLOUD MODIFICATION The seeding of cumuli was done on a
random basis. Half the cloud sample on

Techniques to modify cumulus clouds ei- each day was seeded, while half served as
ther o aigment their growth and increase controls. The urea was dispensed from an
precipitation or to diminish their growth instrumented C-130 aircraft at the rate of
and decrease precipitation have been ac- 80 pounds per second from a dispenser
tively pursued as technical goals for more filled with 1200 pounds of the agent. A
than 20 years. Today there is greater un- contractor-operated light aih craft made
derstanding of the basic physical proc.sses measurements of updraft velocities be-
involved, and the technologies of aerosol neath the cloud bases, of heights of cloud
modification are more refined. In the past bases, and of raindrop size distributions
few years AFCRL scientists have investi- when rainfall occurred. Since the life span
gated the potential for successful Ynodifica- of warm cumulus cloads and associated
tion of both warm and cold cumulus clouds rain development -ppear to be strongly
th-ough modification 'xperimens in the influencod by weak mesoscale circulations
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AP-384 MICROENCAPSULATED UREA are specified, the computation results in a
cloud droplet distribution at the eondensa-tion level. The droplet spectrum continues

M Z RO .NC L'L T=ON XRO nC SULA JO to ch a n g e w ith tim e as a resu lt o f co n d en -

sation and coalescence processes at every
level where condensate forms or to which40. droplets are advected. The combined phys-

' k4AV icai and thermodynamic process es deter-

mine the eventual distribution of raindrop
sizes as well as the ultimate cloud height..
With respect to artificial cumulus modifi-

' .. cation, the model is also designed for stud-
o 1oopr,, 0 MOm ies of seeding effects. A spectrum of seed-
td t.J ing nuclei can be inserted at any level and

any time and the cloud growth calculated.
Computer studies of this type will continue
to aid us in designing and evaluating field

The photographs show how microencapsula- experiments.
tion provides a narrower size distribution of
urea particles with a sharp lower size limit.

in the lower troposphere, photographs of
the history of cumulus development were CLOUD PHYSICS
taken at an altitude of 45,000 feet, the
platform being ar RB-57F flown by an Air When we draw up a list of Air Force
Weather Service ( "ew. problems which depend for their solution

Only after the analysis of all the data is upon meteorological research, we soon con-
completed will the scientists know which elude that cloudiness, particularly when
of the clouds were treated with urea and accompanied by strong turbulence, light-
which were not. This procedure will hell. ning, hail, and other large hydrometeors, is
insure that the stratification of the exper- a subject which merits attention. In sum-
imental data on the basis of such parame- inarizing recent AFCRL progress in
ters as cloud water content and cloud di- weather modification in the preceding see-
mensions will ie (lone objectively. tions of this report, we touched upon some

of the cloud physics research conducted in
C.ULUS MODELING: Parallel to the ex. the Meteorology Laboratory. But we also

iwrimental prog -rn is one in which math- study the physics of cloud structure and
ematival~physicul models of warm cumulus dyanics to provide background data for
convection. ar constructed. The purpose of impruved techniques of weather observa-
this numerical modeling has been to deter- tion and prediction as well as for better
mine which processes affect the develop- design of Air Force systems that are
ment of precipita i and co evaluate mod- weather-sensitive,
ification techniques based on alterations of
the cloud droplet spectrum. The model, a THUNDERSTORM ELEtRICITY: Many i. od-
time-dependent one, is basically one-di- ern aircraft and missile systems can be
mensional, but, is designed for cortinuity adversely affected by lightning and static
in two dimensions. When the cloud nucleus electrical effects associated with clouds.
spectrum and the atmospheric sounding Radomes and external stores may be dcs-

. -----------------------------------------
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troyed in lightning strikes, while comput- weather services for such iocations as air
era and navigational aidz are known to fail bases and roeitet laurch facilities.
when lightning and static electricity phe-
nomena are present. Annual damages are MOSMo M13i1-aS To what extent is a
sufficiently high to warrant a research racket eroafod as it travels at supersonic
program in electrical activity associated speed thrcough at Field of raindrops or ice
with cloud structures. The Laboratory's crystals? To answer t q~w;4tiorn, the Air
effort has been oriented toward techniques Force's Space Auid Missile Systems Oegan'
which will permit the pinpointing of re- ization (SAMSO) has fl-ed special i~lstru-
gions within clouds where maximum ele- mei~cd roolwts into precipitating f.louds
trical activity will be found and the formu- east of Wallops Island, 'Virg-via. in iup-
lating of guidelines and prototype inat.- port of this program, t-wo tcamns ii, the
mentation that, will aid in in-flight avoid- Meteorology Laboratory have u~ndertaken
ane of these zones. to provide a detsiled definitior. of the par-

A recent armlysis of thunderstorm data tieulzates; elicountered by this vehicles. One
colliected in flights with instrumen~tedl air- team of radar specialists, en-ployiog the
craft showed that most of the lightt,:iig NASA-AFCRL1 radeir facility at Wallops
strikes to the aircraft occurred in transi- island, ha~s made quantitative measure-
tion zones where the electric field was mnents of radar returps from. dropletz and
changing from a positive-above-negative crystals in the region trav;cr-:ed by theLi charge configuration to the reverse-po~ari- racket. The other Lear has flown in an
ty. It was found that these changes gener- inrtruzentedi C-130 aircraft and fnade
illy occurred on the boundary of an ;n- measument8 of the type. size, and num-

2tense negatively charged ares. The latteir ber concentration of particies -'a the goner-
area has a diamieter of abojut 500 t), 1000 -al area, of the rocket's path both before
maters. Its location and intensity are-elose- anti after the firing. The two ets of mnes-
ly linked to the draft and precipitation urements have been studietl for relation-
patterns in the cloud, so there may be a shims betwveon them. Such relationshipi
number of such centers in an active-storn2. will be useful in convorcing he radar
During the storm's development, these
centers are w~ell correlated with the area?, '~NEOIIi Et*X ETO
of maxiinun, echo intensity seetz on ant
airborne radar set. Later on, hocwever, the -'.

radar core disappears, but sufficient charge
remains to constitutc- lightnirg ha~ard if ~
the aircraft then enters the immediate ~ "

area. o -

To be able to locate these regions and to r-A . W

follow the time history of the cOoud-charg I/, Ms AT-

ing events, scientists are developing tech- I as-
niques in which data from ale-.rostatic 1e_

field and radio noise sensors will be prec- 2 AAiN
sented in conjunction with radar echo pat- ILES Aear fc - kSA

terns. If these effortLa are successful, the
results will bW applicable to in-flight use as A 3cl-emaftic drawing of the erosion experi-

meL In Addition to aircraft And radar son-well as to the improvement o! lightning 8orn the array included recorohtg rain gpug-
warnings that are provided by the national es (RG) and sensors of raindrop size (115).



174

return at launch time to the mass of mate- methods of measuring and displaying ceil-
ria encountered by the rocket along its ings and vi. ibil't'es continues.
trajectory. In addition to the radar and In 1970, a study was initiated to obtain
aircraft data there were ground measure- data on the light attenuation properties of
ments made of drop size and rain rate. fog from th-. backscatter signal of a pulsed
These data are used to calibrate the radar neodymium lidar. The objective was to
and serve as a check on the aircraft mess- establish a theoretical and practical basis
urements. for measuring slant range visibility condi-

tions for aircraft landing operations. Ini-
tiaily, single-ended lidar data were ob-
tained along horizontal paths adjacent to a
500-foot baseline transmissometer. The at-

M ETEOROLOGICAL INSTRUMENTATION mospheric extinction coefficients deived
from a consideration of the "slope" of the

Members of the Meteorology Laboratory lidar traces were compared with the trans-
conducting research on the physical and missometer data for a variety of low-
dynamical nature of the lower atmosphere visibility conditions. The results were en-
often find that they need special observa- couraging. A correlation coefficient of 0.97
tions which, urifortunately, are not provid- was found for these data. The investiga-
ed by Ue national weather services in tion was expanded to obtain comparative
their normal operations. So, as pointed out measurements of atmospheric extinction
in earlier sctions (if this chapter, Labora- coefficients over a slant range using the
tory scientists and e.tgineers have had to single-ended lidar and elevated reference
develop research instrumentgtion to ena- targets. These measurements are current,
ble them to conduct their in-house studies. ly being evaluated.

On the other hand, there are exLramural A visibility instrument has been devel-
requirements for instrumnentation and oped that is based on measuring the frac-
data handling techniques. For example, tion of projected light that is scattered in
the Air Weather Srvice, which provides the forward direction. In comparison with
weather information to operational corn- the fransmiasometer, it is small, inexpen-
mands and test ranges, has requirements
for new or improved instruments to enable
it to provide a better wea.ther service. To -

meet such requirements, the Meteorology
Laboratory conducts a program in which
instrumentation is developed in the expec-
tat-on that successful taiting will be fol-
lowed by procurements for operational
use. The major elements of this develop-
ment program arc described in this sec-
tion.

MEASUREMEiNT OF CEILING AND VISIBILi-
TY: In spite of the fact that aviation has
made enormous strides since the (lays of ..
Kitty Hawk, the hazards presented by low
ceilings anti poor visibilities are still with A prototype forwtd matter instrument

uttnd for .-'., ,ng borttontal runway visi-us today, and the search for ever-improved ity
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sive, does not have an alignment problem,
and has significantly better resolution in
low visibility conditions. Insta!led in a mul-
tiple configuration, these instruments will
provide the more accurate and representa-
tive visibility information that is needed
during periods of low visibility.

A ruby laser optical lidar was evaluated
for use as a ceilometer. The lidar deter-
mines the cloud height by measuring the
transit time of the laser pulse to the cloud
and its return. This approach avoids the
requirement for the extensive baseline of
the standard rotating beam ceilometer
(RBC) and thus could greatly simplify in-
stallation and maintenance. The system
performed significantly better than the
RBC. It measured clouds at a further
range and detected visibility obscurations,
such as polluta'nts trapped by an inversion,
that the RBC could not "see." The ruby
laser does, however, constitute an eye haz-
ard which may preclude its routine use at
airfields. Since other lasers, such as gal-
lium arsenide and erbium, are considered
eye safe, they are being investigated as
pomible candidates for use in a laser cei-
lometer.

An EROWS unit with its rotor blade col-
EXPENDABLE, REMOTM-OPERATING WEATH_ lapsed above the batter) case. The sensor

ER STATION (EROWS): In the late 1960s a package is on the top. The impact spear
program was begun to develop a system to supports the unit. The aircraft repeater unit

fill the military requirement for obtaining if shown on the left.

mea.surements of basic meteorological pa- serves as an airborne rel)eater for the
rameters from remote areas where such reception, amplification, and retransmis-
data are not normally available or are sion of all the radio signals between the
sparse. Air-droppable automatic weather deployed stations and the control-recorder,
stations were developed which measure and a dispenser is used to launch the
the wind speed and direction, temperature, EROWS units from the delivering air-
dew or frost point, pressure, rainfall craft. The entire system was field "ested
amount, and sky cover. The three other (luring January 1972 at Cape Kennedy,
components of the tota! system used in Florida, and the basic feasibility f the
conjunction with these basic EROWS units system was demonstrated.
operate as follows: a control-recorder pro-
vides the means to interrogate and extract FOG DETECTING RADAR: In studying the
the meteorological data from one to ten elfectiveness of fog dissipation techniques,
EROWS units that constitute a deployed it is often difficult in direct sensing with
network of s.ations; a receiver-transmitter ground detectors to determine to what

__-w .
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extent modification attempts have been set to determine ranges to the nearest
successful. To enable Air Force personnel thunderstorm cell. A counter and a light
to make this determination, an experimen- are provided on each range channel to
tal Ka band (0.86 cm) scanning radar that count and flash for each signal that ex-
can detect the fog itself has been fabricat- ceeds the threshold and thus indicate how
ed by modifying an AN/CPS-9 radar. This active the storm or storm complex is. In
new set makes it possible to determine the addition to the lightning ranging and

* changes that occur in the seeded area and counting function, the set uses a sensor
track its motion. This radar has a very with a rotating, slotted guard disc to alter-
narrow antenna beam--0.3 degree--and nately expose and shield the sensor (field
uses an 0.5 microsecond pulse to provide mill) to determine the magnitude and po-
high azimuthal and range resolutions. The larity of the local electric field to provide a
short wavelength, thhe high transmitter warning of hazardous conditions that may
power, and the enhancement of the reeiv- develop over the station. Both the electric
er's signal-to-noise ratio by use of a signal field and the signals that activate each
integrator provides an optimum sensitivity range channel are recorded to provide a
for detection of small fog droplets. In graphic and easily assimilated presents-
addition to its anticipated usefulness in tion of the data. An alarm circuit is provid-
both warm fog and cold fog modification ed that can be set to operate at any given
studies, this set provides a powerful probe level of electric field to alert the user that
for more detailed studies of clouds and fine a hazardous condition is developing. The
scale atmospheric perturbations. criteria to be used for issuing warnings at

a base will have to be determined locally
LIGHTNING WARNING SET: A lightning since the motion and development of

warning set has been developed for opera- storms can be aiTected by orographic con-

tional use on the Air Weather Service to ditions or by large bodies of water. Be-
enable AWS to determine the proximity of sides, the time required to disseminate the
lightning or the presence of high electric warning and to secure threatened opera-
fields that could be hazardous to refueling tions will play a large part in establishing
or munit-ons handling and which might local criteria. Tests of this equipment at
cause damage to sensitive electronic equip- Cape Kennedy during the summer of 1970
ment and computers. The set detects per- demonstrated the usefulness of the set in
turbations in thL .,mospheric electric field providing adequate warning time before
caused by lightning activity. By making the occurrence of lightning.
use of an inverse range cubed relationship
for signal amplitude and an assumption of
an average change in electric moment for . \•.,

a cloud to ground stroke, we can determine
approximate ranges to the lightning 'o M ,
strokes. Because of the variabilities in "0-0
lightning strokes and in propagation, the , •, .
ranges determined have a statistical char -

acter. Ranges are presented using four ON- P.U,

range channels having thresholds set for -

ranges of 40, 20, 10, and 5 nautical miles
based on the average change of electric
moment. Finer calibrations of these A Lightning Warning Set recording shows

the approach and passage of two small oc-
thresholds are made using a weather radar tive cells at Hanscom Field.

__ :-- A Ar
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15 ', , O O- T through the development of new sensors200 S Bedford, Mass. '200
Wa ter cowios: or new techniques of deployment and data
Wiothe,, Roln processing.
S8,,, These efforts have led to the discovery of

V, -- .,o , ,~o a errors as large as 40 percent in measure-

|OstanQ, of \9,0 00 ments of relative humidity obtained with
NWS Sonde ~ o~fiad the various radiosondes used by weather-

mi.5ws Sd.o services in the United States. A patented
Wcc: redesign of the radiosonde case and the

Vo 6Ctechnique of mounting the humidity ele-
'cc ment has been completed. It has been
.700- shown in both laboratory and field tests

that the greatest part of the error is elim-
00 inated with this new design. This new

configuration is now being adopted for
900 operational use by both military and civil-

ian agencies.
!O 2 0 so o 1o00o The current-day dropsonde system does

%RELATIVE HUMIDITY -40 20 0 20 not have a capability of measuring the
TEMPERATUREM)C) wind speed and direction beneath an air-

craft. The principal reason for this is that
the change in position and attitude of the

Relative humidity measurements made with aircraft with time is not known well
the older National Weather Service sonde enough for the aircraft to be used as a
and with the newer, modified sonde are frame of reference to determine the mo-
compared. The new sonde, with solar radia- tion of the dropsonde and, consequently,
tion errors greatly reduced, provides a
sharper definition of cloud tops. Note the
difference at about 600 nob.

RADIOSONDE/DROPSONDE/ROCKETSONDE 40l' 3 Mh
SENSORS: A major portion of meteoro- 0
logical measurements made in the trop- RECEIVER " " MET SENSORS
osphere and lower stratosphere for Air PROCESSOR O
Force use are obtained from radiosondes TRANSMITTER
or dropsondes. The radisonde is a small, RNSTE
lightweight instrument which is borne
aloft by a balloon and which then meas- 13.6
ures the vertical profile of temperature,
winds, pressure, and humidity, and teleme-
ters the information to a receiver at the 77 ---
ground release site. The dropsonde is a ___

similar package which is released from an
aircraft, descends on a parachute, and tel-' ----
emeters similar information, with the ex-
ception of wind information, to the air- An artist's conception of a wind-measuring
craft. The Meteorology Laboratory has system in which signals from Omega ground
sought to quantify the accuracy of the stations establish the geographical p-...,an

of a dropsonde. Wind velocities are deter-
sensors involved and to improve accuracy mined on a computer aboard. the aircraft.

=z=~-- 
-
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the wind field. A method of avoiding this
difficulty has been under investigation at
AFCRL. The technique is based on the use
of navigational aids, such as Loran or
Omega, the VLF navigatiou system accu-
rate to 1 mile, to provide the geographical
position of the dropsonde. Since Omega
will have world-wide coverage by 1973, the
AFCRL approach will be based on Omega
signals.

First, a dropsonde is released from an
aircraft. An antenna aboard the dropsonde
receives signals from three Omega ground
stations. These signals, together with data
from the other meteorological sensors, are
transmitted to a processor aboard the air-
craft. The processor then provides the
sonde's altitude from the pressure-temper-
ature data as well as the sonde's geograph-
ical position. Wind velocities are then cal- .
culated in an onboard computer from the .
displacement of the package with time.

Above 30 km, one of the primary sources -

of atmospheric data is the sounding rocket.
From 30 to 70 kin, the meteorological
sounding rocket constitutes the predomi- AFCRL-develope. tranapondersonde,

packaged in a dart sent. aloft by a super
nant source. The current meteorological LOKI rocket-
rockets, ARCAS and LOKI, are soon to be
replaced operationally by the Super-LOKI. loads are of the telemetry type--a trans-
This rocket employs a thermistor mount mittersonde and a transpondersonde--
designed to minimize the spurious energy both designed in-house at AFCRL. Both
inputs which contaminated temperature sondes are packaged in a 2 1/8-inch dart
measurements obtained with earlier oper- along with a 12-foot STARUTE retarda-
ationaI sensors. Field testing of this sensor tion device. Temperature data are ob-
has demonstrated that it will reduce thu tained from a 10-mil bead thermistor and
temperature errors in the 30 to 60 km wind data from a radar tracking the trans-
regime and that it will allow extension of mittersonde or the inherent ranging capa-
the useful range of immersion thermome- bility of the transpondersonde. The third
try techniques to 70 km. payload, the ROBIN passive failing

sphere, is packaged in a smaller 1 5/8-inch
SOUNDING ROCKETS: In the past year or dart. The ROBIN sphere is used to obtain

so, a new and improved boosted dart mete- density and wind data from about 95 km
,rological rocket sounding system to ob- down to 30 km when tracked by high
tain data above balloon altitudes has been precision radar.
successfully developed. The new system The new Super-LOKI system with its
utilizes a 4-inch diameter Super-LOKI transmittersonde, transpondersonde, and
rocket motor and incorporates a family of ROBIN payloads will replace the currently
three separate payloads. Two of these pay- standard LOKI Dart-sonde, the ARCAS
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transpondersonde, and the VIPER-Dart- more complex payloads to higher altitudes
ROBIN systems, respectively. A very im- than are feasible with the LOKI Dart
portant advantage of the Super-LOK! sys- system. The relatively low-cost Astrobee D
tem compared to current systems is one of can carry payloads up to 25 pounds to a
economics; adoption of the Super-LOKI height of 130 km or more. However, the
transponder and ROBIN configurations elimination of requirements for data in
should result in considerable savings to the this altitude regime may preclude any
Air Force. Other signifleant advantages opurational utilization of this new vehicle.
include a higher altitude capability obtain-
able with the telemetry payloads, 70-75 km SOUNDINO BALLOONS: Efforts in the me-
compared to 60 km; greatly improved ton- tui,,dogleal balloon area were concentrat-
perature accuracy, especially in the higher oil on the development of improved and
alitudes, resulting from the use of a new lower cost fust-rise balloons. Fast-rise bal-
AFCRL-developed long wire technique of loons as radiosonde carriers reduce the
mounting the thermistor; improved mete- amount of time required for a sounding,
orological data because of the slower fall but, of more importance, they eliminate to
rate of the new highly stable STARUTE; a great extent rawin tracking errors re-
elimination of the need for expensive suiting from the signal ground reflections
track*ng radar support for the transponder which occur when tracking angles are low.
payload, and simplification in handling, Low angles are usually associated with
training, and operational procedures re- high wind conditions, when the need for
suiting from the use of a common rocket sensing accuracy is most important. A new
motor for all payloads. The R and D phases fast-rise balloon, capable of attaining a
of the Super-LOKI system have been com- height of 100,000 feet at an ascent rate of
pleted; the system is ready for production. better than 1,500 feet per minute, was

A somewhat large.- meteorological rock- successfully developed and tested in tem-
et vehicle, the Astrobee D, was successful- perate, arctic, and tropical climatic areas.
ly evaluated for use in boosting larger, This new fast-riser, consisting of one bal-

loon inside of a smaller, lower modulus
v- ........ outer balloon, should be producible in

quantity at a relatiely reasonable price.
High cost has been a major problem asso-
ciated with previous attempts to develop

". fast-rise balloons.

V SOUNDING SENSORS: The design and de-
velopinent of a ne Advanced Metcorolog-
ical Sounding System (AMSS) was under-
taken several yeari ago to replace the
obsolescent Rawin Set AN/GMD now in
operational use. The AN 'GMD system, re-

,, .4 . ' t fleeting the state of the art of the late
1940's, cannot satisfy today's much more

Sv- ' - °-. sophisticated data requirements and is be-
coming increasingly difficult to supply and
maintain. The AMSS employs the latest

The STARUTE is a retardation device car- technical advance in tracking, telemetry,
tied aloft by a super LOKI. The sensor
package is suspended below the STARUTE. data processing, and solid state component

I, ,



77 77'. 777~

design. During-the reporting period, fabri- BUNTU4G, J. T., and CcNOVza, J. H.
cation of "bread-board" hardware, includ- On the Acracy of a Precipitation Coerage

Irdex Confpute4rom Radar Reprtsing a ground station as well as balloon and J. of Appl. Met., Vol. 10, No. 2 (Apri. 1971)
rocket radiosonde expendables, was ac-
compliahed. Successful flight tests demon- DomALNSO, R. J., Ja.
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VII Sacramento Peak Observatory

Sporadic outbursts of solar activity occa-
sionally, shower the earth and its environs
in space with-high energy radiations. They
alter the structure of the ionosphere, pro-
ducing a number of highly inconvenient
practical -consequencesfor Air'Force activ-
ities at all levdls. As operations extend to
higher altitudes, and as dependence on
more sensitive electromagnetic devices-in-
creases, the effects of the solar disturb-
ances become more troublesome, and the
list of operational difficulties originating in
the sun grows steadily. For example: radio
propagation deteriorates and occasional
complete blackouts of long distance com-
munications occur; Over-the-Horizon-elec-tromagnetic F.stems are seriously clut-

tered and moving ionospheric waves pro-
duce radar simulations of high-level, high-
speed artificial objects; density fluctua-
tions in the upper atmosphere perturb sat-
ellite and ballistic orbits, leading to sur-
veillance and targeting errors; showers of
fast solar protons damage solid state
equipment and blacken photographic film
in space. In extreme cases, this radiation
could kill an exposed man in space; the
incoming combination of X-rays and fast
particles simulate the radiations from nu-
clear explosions in space. They could con-
fuse monitors of such activity in the ab-
sence of reliable solar information; per-
haps less important at present, the geo-
magnetic field fluctuates in strength and
direction, and intense aurorae occur in
abnormally low latitudes, and finally,
there is growing evidence of perturbations
in global weather patterns due to the ra-
diations from iolar activity.

A knowledge of the solar output of X-
rays and particles over the past two or
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three days, and predictions of the output Observatory in 1952 at Sunspot, New Mex-
in the near future can provide warnings to ico. The site was chosen after a lengthy
Air Force planners that reduce or elimi- examination of observing conditions in
nate their detrimental effects. The Air many places. Sunspot is on a peak in the
Weather Service has the responsibility for Sacramento Mountains at an altitude of
distributing warnings and predictions of 9200 feet, surrounded by a dense pine
the aerospace disturbances that result. The forest that shades the ground and reduces
terrestrial mechanisms leading to these troublesome low-level convective turbu-
disturbances are reasonably well under- lence in the line of sight to the sun. The
stood, and AWS utilizes this knowledge to high-quality equipment which .has been
the fullest extent. The primary solar installed here, with the new capabilities
mechanisms, however, are very poorly un- which are presently being added, has kept
derstood. Predictions must depend on rath- Sacramento Peak one of the outstanding
er loose empirical correlations between ob- solar observatories in the world.
served solar events and subsequent terres-
trial results, rather than physical cause
and effect.

AFCRL's solar program is primarily an THE SUN
effort to fill thia gap in our knowledge and
develop more reliable prediction methods The sun is an undistinguished middle-aged
based on the physics of X-ray and particle sample of the most numerous class of
emission from solar active features, pri- stars, about midway in the stellar ranges
marily the flaree. More specifically, the of age, brightness, mass, size, and temper-
purpose is to pinpoint the particular ob- ature. Because it is the only star near
servable phenomena on the sun that are enough for detailed study, it is the key for
the signatures of physical mechanisms decoding the relatively fragmentary ob-
leading inevitably to the emission of the servations of stars. The sun is a wholly
disturbing radiations at predictable times gaseous globe, roughly 1.4 million km in
and intensities. For this purpose, AFCRL diameter, of 330,000 earth masses, inter-
probably has the most comprehensive pro- nally heated by nuclear fusion in the cen-
gram of solar research to be found in any tral core. The surface, at a temperature of

:j isingle institution anywhere. This effort is 6000 degrees K, radiates ove 6 kilowatts
distributed among five different laborato- per square centimeter.
ries according to the different techniques From the outside, we see down through
required in different wavelength bands of a transparent atmosphere to the white
the solar spectrum, from the-high energy visible "surface," the upper boundary of

I X-rays to the longest radio waves that an opaque cloud of negative hydrogen
penetrate the atmosphere. Briefly, the ions, which we shall term the floor of the
Aeronomy Laboratory observes in the X- solar atmosphere. Above this floor is the
ray 9nd far ultraviolet spectrum, the Sac- 300-km thick photosphere, where most of
ramento Peak Observatory in the optical the absorption lines of the solar spectrum
spectrum, the Optical Physics Laboratory are formed. Overlying it is the chromos-
in the infrared, the Microwave Physics phere, which extends upward to a sharply
Laboratory in the millimeter region, and defined but exceedingly irregular upper
the Ionospheric Physics Laboratory in the boundary between the heights of 1500 and
radio spectrum. 10,000 km. This remarkable boundary,

The Air Force, through AFCRL's prede- known as the "transition layer" between
cessor, established the Sacramento Peak the chromosphere and corona, is marked
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The steady state selar atmosphere is
inhomogeneous at all levels. We find
marked fluctuations in all physical charac-
tei;.;tics in neighboing surface elements
less than 1000 km apart, a scale that often
strains the resolving power of solar ob-
serving systems. It is now clear that these
fluctuations exert a crucial influence on
the basic dynamics of the solar atmos-
phere, the upward transport of energy,
and the triggering of the disturbances we
lump under the term solar activity. The
main thrust of modern optical solar re-
search is the study of these inhomogenci-
ties in both disturbed and undisturbed re-
gions. They complicate the theoretical in-
terpretation of observations immeasura-

The sun photographed in the chromospheric
hydrogen alpha line. The central sunspot is
surrounded by bright plages that indicate
the extent of the active center. The long
dark filaments are pruminences in projection
against the disk.

by an abrupt rise in temperature, from
about 101 degrees K in the chromosphere
to 106 degrees K in the corona in a distance
of 200 km or less. The density undergoes a
corresponding drop by a factor of about
100. Resting on the chromosphere, the co-
rona extends outward with slowly decreas-
ing temperature and density well beyond
the orbit of the earth. Beyond one or two
solar radii, the corona expands at an out-
wardly increasing rate as the solar wind. ,
Near the earth, it attains a velocity of
about 400 km per second, a kinetic temper-
ature of the order of 105 degrees K, and a
typical density of 10 atoms per cubic centi-
meter.

From the 6,00 degrees of the floor, the
temperature decreases upward to a mini- White granulation, the tops of convective
mum of about 4200 degrees at about 500 elements that form the floor of the observa-
km, and then increases gradually through ble solar atmospherc. Average center-to-

center distance of granules is about 1100 km,the chromosphere to the transition layer. or 1 1/2 arc seconds.
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very hot corona. Knowledge of this funda-
Imental process of mechanical energy

transport is still vague. It is the subject of
i much of the observational and theoretical

research at Sacramento Peak and else-
where. The rapid variation of vertical mo-
tion from point to point can be shown byJ focusing an image of the sun on a spectro-

1 graph slit. Th* image of the slit forred
4within the spectrograph will not be the

straight line expected, but will show "line
* wiggle," which is actually wavelength dis-

placement due to the Doppler effect in
upward-and downward-moving elements
in the-photosphere.

The convective granulation and -the dis-
jointed motions of the photosphere are
characteristic of the steady state stin,
usually referred to as "quiet." This is the
environment of enormous sporadic dis-
turbances known as solar activity, a term

l: that includes a number of slowly changing
features, and a few catastrophic ones
which produce the bursts of X-rays and
fast particles that disturb the terrestrial

The optical solar spectrum extends from aerospace. All of the active features are
3000 to 9000 Angstroms. This spectrogram simply the visible mnifestations of chang-
shows details in the short wavelength es in a single basic physical entity, an
stretch around 3886 Angstroms. The line abnormally strong magnetic field powerful
wiggles, Doppler shifts due to vertical mo-
tions, and intensity variations in the lines enough to control the motion of the solar
and continuum show the spectroscop i inho- material.
mogeneity from point to point in the solar All of the material of the sun, including
image along the spectrograph shi. its atmosphere, is a plasma, a gas of high

bly, but the results are very fruitful, and electrical conductivity due to the presence
well worth the effort. of free electrons and ions. When a magnet-

The white floor of the solar atmosphere ic field is embedded in such a plasma, it is
has an inhomogeneous structure. Bright "frozen in." Plasma motion relative to the
granules can be seen, which are the tops of field is rigidly restricted to motions along
convective columns, analogous to cumulus the field. If the magnetic energy density,
clouds. They are the principal mechanism or pressure, greatly exceeds the gas pres-
by which the energy generated in the sure. the field lines are rigid tracks for gas
interior arrives at the surface. The impact motions, and transverse motions occur
of these upward-moving elements on the only when magnetic changes move the
overlying convectively stable solar atmos- field lines. If the gas presure dominates,
phere injects mechanical energy which ex- however, mass motions powered by gravi-
cites resonant oscillations and which must ty or temperature gradients, or any other
be the ultimate source of energy for the non-magnetic force, overpower the field
higher temperature chromosphere and the and simply carry it along. This is the
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C di
A large comle~lx sunspot group, about
160,000 km long, showing the characteristic
(lark umb~ra surroundled by the gray peunum-
bra of fine radial filaments. The pioto-
gra., takenan -it gradedl distances from the

-~enter of the H alpha line. show the struc-
tures at dlifferent heights, fromi the white
0loor in at to the middle chromosphere in d.
Note the numerous bright points elustered
in andl around this active c'ritc:'. Frame -1
shows the bright plagi. areas and dark lila-
ments that follow meagnetic flux tuiws.
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normal situation at the granulation level, relative intensities of the lin.s vary with
where the ambient field is weak and the the physical environment of the atoms,
gas pressure relatively high. The turbu- and their measurement immediately gives
lence- of granular convection must twist approximate information about the physi-
the fields into unimaginably complicated cal state of the solar atmosphere. The
figures and surely, destroys any field coher- picture is greatly complicated, however, by
ence. From outside, consequently, we see the fact that a given absorption line is
little, if any, field over most of the quiet formed by atoms distributed over a consid-
sun except for a few isolated strong "point erable height range within which the phys-
fields" of several hundred gauss (which are ical parameters vary greatly. Accurately
presently unexplained). Occasionally, how- determined absorption profiles of selected
ever an overpowering vertical field of 1000 lines and measurements of the continuum
gauss or more develops. It stops the nor- intensity from the center of the solar disk
mal granular convection, shutting off the (vertical incidence) to the limb (grazing
flow of energy to the surface. The field incidence) are the data for defining the
area then cools off and becomes a relative- main parameters, temperature, density
ly dark sunspot or spot group, the nucleus and turbulent velocities, as a function of
of an active center. If the field is not quite height. The spectroscopic inhomogeneities
strong enough to stop convection, we often make the complexity of the problem read-
find an active center without sunspots. The ily apparent.
strong active centers, however, are the The two other most important items of
seats of the real solar fireworks with ter- information provided by the spectrum are
restrial effects. sightline mass velocities, which result in

We classify the features of solar activity easily measured Doppler wavelength
by their visible appearances rather than by shifts of the lines, and magnetic fields,
their more fundamental magnetic charac- which produce complex polarization effects
ters, because we have not yet learned in the line profiles t'hat are not so easily
enough about the basic magnetic activi- measured. Both of these are complicated
ties. These would, doubtless, present a far again by the considerable height range of
more coherent picture of solar activity line formation, within which both veloci-
than we now have, and their study is the ties and magnetic fields generally vary.
most urgent part of the Sacramento Peak
Observatory program. THE FLARE PHENOMENON: Most of the

In addition to the flare associated phe- terrestrial disturbances of practical impor-
nomena described below, the principal fea- tance are the result of X-rays and fast
tures of solar activity are plages, promi- particles generated by large flares and
nenues, and coronal condensations. attendant subordinate activity, the surges,

The optical spectrum of the sun is the loop prominences and exceedingly hot
most important source of physical infor- dense coronal knots often found at the
mation available to us. It is an absorption tops of the loola. All are the visible aspects
spectrum consistirg of a thermally gener- of magnetic activity, and all occur in ac-
ated continuum from the granulation tive centers, t:',,illy associated with the
layer, punctuated by thousands of dark most complex Iinspot groups marked by
lines absorbed by the atoms and molecules an intermixing ui .pposite magnetic polar-
in the photosphere, and, for some strong ities and consequent steep gradients.
lines, the chromosphere. Each atomic spe- At AFCRL, it has been determined that
cies has a characteristic set of lines by the optical flare starts in the chromosphere
which the atom can be identified. The as a small bright nucleus over a satellite
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ic field. Repeating surges along the same
or closely parallel paths are common. Their
kinetic energy is usually comparable with

SL the radiant energy of the flare itself.
Although a major fraction of the flare

energy is in the light by which we see it,
neither the X-rays nor fast particles origi-
nate in the optically visible flare itself. The
X-ray pictures of flares taken from space
vehicles show nearly the same configura-
tions as the optical pictures and there is no
doubt that we are seeing the same event,
but at a higher level. The X-radiation
often exceeds that of an equivalent black
body at a temperature of about 109 de-

A medium-sized flare of typical two ribbon grees.
form. Note the bridging arched dark fila- The fast particles ejected during a flare
ments, actually loop prominences with foot appear to originate in so ne different but
points in the ribbons. neighboring site. Observations of a vigor-

sunspot field surrounded by a field of oppo- ous proton flare showed it was enclosed by
site polarity. The flare quickly expands a magnetic envelope that would trap any
into an irregular patch, reaching its maxi- ejected particles. In this instance, at least,
mum dimensions and brightness in 15 to 30 the protons could escape only from a near-
minutes, then fading out during the next by patch of open field lines which would
hour or two. The large ones are character- guide them out into interplanetary space
istically 50 to 100,000 km long and develop in a broad jet directed toward the earth.
in the form of a pair of parallel ribbons In spite of real progress the last few
which gradually drift apart. The magnetic
field after the flare seems to be little
different from that before the flare, but
the time resolution of existing magneto-
graphs is insufficient to define the changes
that may occur (luring the flare. The one
medium-sized flare for which sufficiently
frequent magnetic observations were
available did show marked changes, but
more and better observations are needed
to determine their typical behavior.

Magnetic loops, with roots in the two
ribbons, bridge the intervening space, and
are often the tracks along which material - • . .
flows doi& n, forming the loop prominences -
seen at the limb. Often, but by no means
always, a large flare ejects one or more
surges. These have the appearance of huge
jets, moving out at 100 to 1000 km per Another medium.sized flare which originat-

ed in a satellite sunspot that is covered up by
second and then retracting along the same tLe bright patch to lower right of the large
trajectory, which is defined by the magnet- spot.
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years, the physics of the flare process and ed steel tube to a concave mirror of 55
the mechanisms that produce the X-rays meters focal length. This mirror reflects
and fast particles are still unknown. The the light back up through any one of five
impact of observed infalling material, lift- exit wizidows at ground level, projecting a
ed and guided by the magnetic field, does sharp solar image to any of the recording
account for the brightness of optical flares or spectrographic instruments. After a pe-
and should theoretically produce shock riod of adjustment and minor modifica-
waves with sufficient energy to power both tions, the telescope achieved its full theo-
the X-rays and particles, But there is no retical resolving power. The most trouble-
theoretical necessity for them to produce some defect was a slight image blurring
these radiations, and, indeed, no one has due to temperature inhomogeneities that
proposed any mechanism by which they developed each morning in the outer zones
could. There are theories, however, which of the entrance window, on exposure to
appear reasonable if the rather special sunlight. Temperature differences distort
magnetic configurations required are the optical surfaces and change the refrac-
granted. The Sacramento Peak Observato- tive index. The two effects are additive.
ry will have evidence on this when the new The worst of the blurring disappeared
multi-channel magnetograph catches a when the aperture was diaphragmed down
few flares. from 76 to 38 cm, but this procedure auto-
A 1LITIES AND INSTRUMENTS

The Sa, amento Peak Observatory has an
extensive k, ay of solar observing instru-
ments, baclked by laboratory devices for
analyzing photographic records and digital
signals. They are most conveniently de-
scribed by loation.

TOWER VACUUM TELESCOPE: Completed
in late 1969, this is the newest major
observing facility at Sacramento Peak. Its
purpose is to give the sharpest possible
definition of small solar detail. To this end
it incorporates four important features. It
accepts light from the sun 135 feet above
ground level to avoid local convection; its
optical system is in an evacuated tube to
avoid internal convection; all reflecting
surfaces are sealed in the evacuated sec-
tion where they stay clean, and the optical
system is the simplest possible. The avoid-
ance of convection anywhere in the optical
path is important because convective ther-
mal inhomogeneities in the air deflect the
light rays slightly and blur the image. -

Light enters the vacuum through a 76 cm
window at the summit of a massive con-
crete tower. Two flat mirrors inside the The tower telescope, pride of the Sacramen-
window reflect the light down an evacuat- to Peak Observatory.
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matically doubled the instrumental resolu- will measure the circular polarization pa-
tion limit from 0.25 to 0.5 are seconds, and rameter, and eventually all three polariza-
cut the light flux by a factor of 4. After an tion parameters, is approaching active sta-
exceedingly sensitive interference test tus. These three analyzers are still far
with a laser source, and several months in from ideal, being severely restricted in
careful experiment, an active refrigera- coverage of wavelength, time, and area of
tion system was built and installed that the solar image. However, they already
blocked the conduction of heat from the provide enormous amounts of data. The
surrounding metal structure into the glass charsateristics of these accessories are as
at the rim of the window. This measure follows: ,

was completely successful. The telescope
has photographed solar details as small as ECHELLE SPECTROGRAPH: This is basically
0.25 arc seconds in extent, the equivalent a 12-mete' Fastie-Ebert echelle grating
of a dime at a distance of 12 miles. This is spectrograph, preceded by a prism spec-
the best solar definition ever attained, and trometer to select wavelength bands. This
is a measure of the optical perfection of system, unique among solar spectrographs,
the instrument. Unfortunately, we have to allows the observer to photograph manylook through the terrestrial atmosphere, widely separated bands in the solar spec-

which is in itself an imperfect optical ele- trum simultaneously with the highest at-
ment because of convection. Most of the tainable spectroscopic resolution. Three
time the image sharpness in the tower cameras also simultaneously photograph
telescope is limited by these atmospheric the solar image on the reflecting spectro-
defects, known as "poor seeing." As tele- graphic slit plate in white light and the
scope sites go, Sacramento Peak is excel- calcium and hydrogen lines. Thus, the ob-
lent, having hundreds of hours per year of server has a permanent recnrd of exactly
good seeing, and an occasional period when what features on the sun the spectrograph
the full theoretical 0.25 arc second resolu- was looking at during an exposure, a most
tion is actually achieved, valuable capability. Dispersions up to 16

The finest telescope would be useless as mm per Angstrom are available. The whole
a research tool without accessories to ana- echelle spectrograph system is feasible
lyze the light and take advantage of a only because of the superlative large grat-
sharply defined solar image. The informa- ings ruled at the Massachusetts Institute
tion available to the optical astronomer is of Technology supported in part by an
that transmitted by the light entering his AFCRL contract. The grating is the deter-'
telescope. Measurement of the four mining element in the power of a spectro-
Stokes' parameters as functions of wave- graph, and these gratings are by far the
length and time at each point in the solar best ever made. The echelle spectrograph
image would extract all of the information has three interchangeable gratings of dif-
possible from the light. This is, of course, ferent rulings for different purposes, and
very difficult to do. Fortunately, we can do is undoubtedly the most versatile and pow-
very well with only a selected fraction of erful solar spectrograph in existence.
this information, and the accessories
planned for the tower telescope will pro- FILTER-CAMERA SYSTEM: This is a much
vide it. At present, the two most basic less complicated instrument, but its func-
instruments-a spectrograph and a filter- tion of photographing solar detail with the
camera system-are in active operation. best possible definition is quite as impor-
They measure the brightness parameters. tant as that of the echelle spectrograph.
A third, the magnetograph, which initially The syqtem includes two cine cameras for
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its data handling software. It is fed by the
echelle spectrograph and will measure the
sightline solar magnetic field simulta-
neously at 128 points along the echelle
spectrogr.ph slit. By scanning the image
across the slit the observer records the
magnetic field over the whole scanned
area. The computer then maps the field
quantitatively as a contour diagram, with

-a spatial resolving power of , 1 or 2 arc
seconds, which may be traded off against
speed and area of coverage. A pro-
gramuied change in the setup permits sim-
ilar measurement and mapping of the dis-
tribution and magnitude of the sightline
velocity of the solar material. In theory
the existing point-by-point magnetograph,
the Doppler Zeeman Analyzer, can per-

, form the same functions, but the time
required would be an impractical ,500 times
as great. The new instrument provides the
spatial and time resolution necessary for

- the detailed study of the magnetic evolu-
tion of flares. It should be in regular oper-
ation by mid fall, 1972. When its operating
characteristics and problems have been de-
fined, the multi-channel magnetograph
will be expanded in two directions. The

A bright H alpha plage which covers muzh number of points recorded will go from
of the underlying associated spot group. 128 to 256, and by a rearrangement of the
Note the activity at the extreme limb (top). sensitive elements in the focal plane, it will

70 mm and 35 mm film, fed by white light be possible to record in addition the plane
directly or through a narrow band bire- polarization parameters at fewer points
fringent filter. Two interchangeable filters along the slit, probably about 80. This
for work in the hydrogen alpha line or the provides the raw data for mapping the
K line of ionized calcium swing into the whole magnetic vector over an active
optical path for photography in either cf center.
these lines. Three image scales are used at
choice, corresponding to solar image diam- BIG DOME: The Big Dome contains a
eters of 20, 38, and 51 cm. The quality of number of special purpose instruments.
the tower telescope photographs taken by The telescope room with a rotating turret
this simple system testify to its effective- houses an equatorially mounted spar, in
Ness. effect an uptical bench accurately tracking

tie sun. It consists of a rectangular steel
MULTI-CHANNEL MAGNETOGRAPH: The box 27 feet long with four refracting tele-

multi-channel magnetograph is now ready scopes mounted on three of its sides.
for final checkout pending completion of The system was painstakingly designed
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to permit simultaneous operation of any or magnetograph. An active center which the
all of the telescopes. The most important multi-channci magnetog ,ph could scan in
of these is a 40 cm coronagraph capable of six minutes would require 50 hours on the
artificially eclipshig the disk of the sun and Doppler Zeeman Analyzer.
showing the surrounding corona. An ordi- A third instrument on the spar is a 22-
nary telescope is hopelessly inadequate for cm coronagraph and spectrograph de-
this work because of a veil of scattered signed for photoelectric mapping of the
light about one thousandth as bright as the corona out to heights where it is too faint
solar disk, and about 100 times as bright as for photofcaphic detection. A photoelectric
the corona it overlays. To avoid this, the detecto-. of high quantum efficiency de-
coronagraph must have special lenses tects -nuch fainter coronal features
made of the most perfect bubble free glass throug'i the bright sky background. A
and polished to perfection. The optical breadbrd coronal photometer has been
train contains traps to catch diffracted successf0,lly used with this coronagraph,
light from the solar disk, and to dispose of and a permanent version is under con-
theheat and light generated by the image struction.
on the eclipsing disk. Light from the co- The fourth instrument on the spar is a
ronagraph is reflected through the hollow chromospheric and prominence camera,
polar axis into the observing laboratory, to consisting of a 38-cm objective lens, a
be described shortly, where its apochro- birefringent filter tuned to two of the
matic image can be directed to any one of chromospheric spectrum lines :za to hy-
a number of large fixed accessories. For drogen and helium, and a precision cam-
years this coronagraph served as an all era. It is essentially a coronagraph that
purpose telescope. The tower telescope has under-eclipses the solar disk to photograph
now taken the major part of this load, the phenomena at the extreme solar limb.
leaving the coronagraph free to concen- It is pr, sently usc'd to record the appear-
trate on coronal observation. ance of limb actilities over active centers

The second instrument on the 27-foot that are being studied with the Doppler
spar is the magnetograph system. A 40-cm Zeeman Analyzer.
telescope forms an image of the sun on a South of the Big Dome is a fifth apo-
very powe'iul but compact magnetograph, chromatic refracting telescope, a fixed hor-
known as the Doppler Zeeman Analyzer, izontal instrument fed by a pair of 43-cm
which generates an electrical signal pro- flat mirrors. The aperture and focal length
portional either to the sightline magnetic of the objective lens are, respectively, 30
field or the sightline velocity on that por- cm and 11.3 meters, and the system pro-
tion of the sun seen by the entering aper- jects the solar image through a tube into
ture. The signal goes to a computer which the observing laboratory. A roll-away shed
constructs a contour map of the field as the protects the external parts of the system
magnetograph scans a raster on the sun. from the weather.
The best spatial resolution is 2 are seconds, The observing laboratory is the observ-
and an active cen'er magnetic field can be ing center of the Big Dome. Here are
mapped in abe it 20 minutes. The Doppler mounted the light analyzing instruments
Zeeman Analyzer is one of the best exist- too bulky and too sensitive to directional
ing magnetograp is in the world and has changes of gravity to be carried on the
been a most produictive instrument Yet it moving spar. They rest on massive con-
is quite impractical to use It with the I are crete piers going down to bedrock, free of
second resolution of the multi-channel any contact with the building. Light from

-- a --
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the 40-cm coronagraph and the fixed tele- faint spectrum of the corona. Its unique
scope enter the laboratory through a dis- virtue is the ability to cover the whole
tribution center, where movable mirrors spectrum from 3200 to 8800 Angstroms in
direct each of the tw', b-ams to any one of three exposures. This i invaluable for ex-
the fixed analyzing ir -,aments, any pair ploring the peetra of newly identified fea-
of which can be ure!A simultaneously. The tures, but the chief use of the universal
principal instrumentL are as follows: spectrograph is for coronal studies with

The 13-meter Littrow spectrograph is a the 40-cm coronagraph.
very flexible instrument designed for oper- The Sacramento Peak spectroheliograph
ation either as a photographic spectre- is unique in being a double pass spectrom-
graph or a scanning spectrometer. Its dis- eter with an exceedingly low level of scat-
persive element is one of a series of diffrac- tered light. In standard operation, the en-
tion gratings of various rulings for differ- trance slit scans across the solar image,
ent purposes. The photographic observer while three exit slits st on major lines in
may choose any dispersion from about 1 to the solar spectrum scan across photograph-
18 mm per angstrom in spectrograms up to ic films, building up an image of the sun in
60 cm long. A separate camera photo- the light of each of the three lines. Com-
graphs the solar image on the reflecting pared with the birefringent filter, the spec-
slit jaws in either white light or the hydro- troheliograph is slow and bulky. But in
gen line to record the features that were contrast, it cdn be set on any lines in the
on the slit during the spectrographic expo- spectrum with any desired bandwidth. The
sure. While the performance of this superb freedom from scattered light has been
spectrograph is at the limit of the state of important in revealing the instrumental
the art, it has one serious limitation, origin of features that have. aen recorded
shared by all spectrographs of its class elsewhere and analyzed as real solar fea-
until the advent of fl- echelle spectre- tures, with bizarre results.
graph. It has no provision for observing Final!y, the "east bench camera" is a
more than one region of the spectrum at a
time. As a scanning photoelectric spec-
trometer, the Littrow spectrograph revo-
lutionized the art of measuring solar line
profiles. It introduced the principle of the
double pass, now universally used. The
dispersed light is reflected back to the
grating through a narrow intermediate slit
for a second dispersion. This procedure
reduces the overwhelming scattered light
at the centers of dark lines by a factor of ..
50 to a neglible level, and produced the I
first reliable profiles of the cores of the
deepest solar lines. The spectrometer is
still used for this purpose with the fixed
telescope.

The universal spectrograph, also A small limb prominence about 50,000 km
equipped with a slit jaw camera, is a high, showing the characteristic vertical
medium instrument with dispersion of i to structure, which remains static while mate-
1 mm per Angstrom, designed for maxi- rial flows down through the magnetically

defined filamentary "tubes." The picture
mum luminosity to deal with the relatively was talren in hydrogen alpha light.

r~. .
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pair of twin cameras built to photograph
solar strrcture& in two different wave-
lengths s&multaneously, with the highest
resolution. It has two birefringeht filters
that give pictures in the hydrogen alpha .
line and the K line of Ca II. Either camera
can be used with either filter, or take a

N white light picture. Even under good see-
ing conditions, the sola image ubdergoes

~ I small rapidly varying distortions. Hence in
their finest details, successive pictures in
different wavelengths are not exactly com-
parable. The east bench camera takes si-
multaneous pictures in which the distor-
tions are exactly the same, and structural A typical coronal condensation photo-
differences shown by the blink comparator graphed in the light of the green line due to

Fe XJV (the iron atom minus 13 of itsare genuinely solar. electrons).

HILLTOP DOME: This building houses a millimeter image. Like the hydrogen alpha
2 12-foot spar that carries two patrol tele- patrol, it is controlled by the programmer,

scopes and temporarily accommodates var- and runs whenever the sun is out.
ious small experimental pieces of equip-
ment. The hydrogen alpha patrol is a 4- GRAIN BiN DOME: This was the first
inch refractor with a i Angstrom band- permanent instrument shelter housing the
width hydrogen alpha filter. On emerging first permanent instrument at Sacramento
from the filter, the light is divided by a Peak. The building is a modified Sears
beamsplitter between a 35-cm cine camera Roebuck grain bin, erected in 1950 when
and a video receiver tube. A programmer the Observatory was little more than a1 automatically operates the camera shutter camp. It houses a 10-foot spar on which are
and controls the filter. It normally takes mounted two coronagraphs. One, a 10-cm
one exposure per minute whenever the sun coronagraph-spectrograph records the
is out:, but speeds up to one every 10 principal bright lines of the coronal spec-
seconds when fast activity like a flare is trum at all po3itions around the solar limb
expected. The 17 mm solar image. recorded at least once each clear day. The second is
on a very fine grained film, defines details a 15-cm coronagraph equipped with a cine
down to two arc seconds in size. The video camera and a birefringent filter transmit-
tube is the origin of a TV picture of the Ling the green coronal line. It operates
sun which is displayed on screens in the whenever the sky is sufficiently clear, and
tower, the Big Dome, and at several sta- is the source of the only extensive cinema-
tions in the main laboratory building. Ge- tographic record of coronal activity in ex-
nerally, one sees only a small portion of the istence. As such, it has revealed previously
solar surface through the large telescopes, unsuspected kinds of coronal activity, and
and the TV monitors provide i' full disk their relation to the underlying activity inJ! view of any activity which may demand the photosphere and chromosphere.

instant attention. The white light sunspot
patrol is similar, but lacks the birefringent OTHER INSTRUMENTS: For the quantita-
filter. It uses a still finer grained film, and tive-analysis of all photographic material,
easily shows the solar granulation in a 20 especially spectrograms, the Observatory

si
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built an unusually flexible micriphotome- mounting is the responsibility of the Ob-
ter in the mid 1950's. This is a fundamental servatory, and should be completed by the
research tool for the conversion of the spring of 1973.
darkeningof a photograph to quantitative
measures of light intensities. Over the
years it has undergone gradual modifica-
tions to.take advantage of new technology INSTRUMENTS FOR AIR WEATHER SERVICE
as it appeared. It has acquired a reputation SOLAR OBSERVATORIES
as the best in the world, and astronomers
have come from as far away as Japan to The Air Weather Service Space Envir.,a-
use it. It puts out a digital signal that is mental Support System (SESS) is the
recorded-directly by the observatory corn- operational agency for making and distrib-
puter on tape, or more accessibly on a disk uting warnings and forecasts of aerospace
pack. disturbances that affect Air Force opera-

The Recording Doppler Comparator is a tions. Since the sun is the primary cause of
device invented here for rapidly tracing these disturbances, predictions of flares
the Doppler displacements of "wiggly are a prominent part of their work. They
lines" and recording them digitally on tape require observational solar data 24 hours a
or disk pack. Although the same informa- day. To this end they have established a
tion could be derived from multiple traces net of solar-observing stations distributed
with the microphotometer, the recording around the world, equipped with radio
Doppler comparator is about ten times telescopes and optical patrol telescopes
faster- a matter of considerable impor- based on the hydrogen alpha patrol instru-
tance in the analysis of lengthy time se- ment at Sacramento Peak.
quences of spectra in a half dozen lines. As we learn more about the sun, the

The Sacramento Peak Observatory re- prediction method. improve, and the oh.
quires electronic computer speed and so- servational requirements have already
phistication for two classes of work, the outrun the capabilities of these relatively
scientific computations of theoretical as- simple instruments. Funds have been allo-
trophysical analyses, and the recording cated for replacing them with more sophis-
and processing of data. The computer used ticated standardized optical systems. In
here is designed for scientific computa- consultation with AFCRL's Space Physics
tions, and is capable of performing both of Laboratory and Sacramento Peak Observ-
these functions concurrently. With an aug- atory, the AWS listed the desired capabili-
mented core memory of 64 kilobytes, it is ties of the new observing system. It must
quite adequate for most of the observatory provide white light and hydrogen alpha
requirements, and the AFCRL computing photographs on an enlarged scale, a hydro-
center handles any problems which exceed gen alpha video picture, an advanced vid-
its capabilities. cometer that processes the video signal to

In addition to the equipment described give warnings of the occurrence of a flare
above, thu observatory has let contracts and chart its radiation output as a function
for one new system of major importance. of time, a magnetograph, and a spectrohe-
It will provide direct photographs of the lioscope for visual detection and viewing
sightline maghetic and velocity fields on of the magnetic distribution. Sacramento
the sun in time lapse motion pictures, with Peak has accepted responsibility for the
the full spatial resolution of the tower dsign of the system, monitoring of the
telescope. Delivery of all components is construction of a preproduction model, and
due by October 1972. Their integration and writing of an operating manual. Design of
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a 30-cm solar telescope with the necessary mosphere with sufficient vigor to provide
feeds and accessories to achieve all of the the necessary net outward flux in the face
requirements has been completed, and ne- of the opposing downward thermal flux.
gotiations for the construction under con- Directly or indirectly, all the problems of
tract of the various components are now in solar physics are aspects of this single
progress. The components will be assem- fundamental problem. All the features we
bled into the integrated system at Sacra- observe in the sun are nature's provisions

'ti mento Peak. After thorough tests and op- for disposing of an inexorable flood of
timization of the first sample, the instru- energy by transmitting it to outer space
ment will be standardized and produced with the least possible fuss (i.e., least grav-
for all the AWS observing locations. itational potential). A corollary to this is

that there are no truly isolated problems in
solar physics. The "least possible fuss"
provision is fundamental, and requiresI RESEARCH ON SOLAR ENERGY TRANSPORT that any action in the solar atmosphere
must lead to readjustments in its sur-

The nuclear power plant at the center of roundings.
every star, including the sun, produces a While it is difficult (and quite unneces-
relentless flow of energy at a rate depend- sary) to draw sharp lines, there are some
ent mainly on the mass of the star. All of problems in solar physics that are con-
this energy must make its way to the cerned directly with energy transport.
surface of the star and escape into outer They have to do with the structure and
space as electromagnetic, magnetic or ki- dynamics of the solar atmosphere and such
netic particle flux equal to the nuclear radiative problems as the formation of the
power production. In the stellar interior lines in the solar spectrum. Because they
the processes of energy flow are radiation, are fundamental, problems in this area
convection, conduction, and possibly some
presently undefined magnetic mechanism,
balanced in such manner that the total
gravitational potential of the star is the
least possible in the face of the fixed

• A'. energy flux. Solar physics is concerned
with the last stage of the process, the
upward transport of the energy through " --
the solar atmosphere. This looked relative- -.: -- .i .-- ....
ly straightforward until 1940 when Edlen
showed that the corona is very much hot-
ter than the underlying photosphere, and
Redman correctly concluded that the chro-
mosphere is intermediate between the two.
The simple thermal energy flow, accepted
without question until then, had to go.
Left to itself, heat would flow downward A surge ejected by a flare. Material shoots

from the corona and chromosphere to the out at about 200 km per second along mag-
cooler photosphere, and, in fact, it does. netie field lines and then retracts along the

same path. In extreme instances, surges
Thus, the most basic physical laws require exceed the 700 km per second velocity of
that some nonthermal processes of upward escape and the material goes into interplan-

ein the sola at- etary space. The picture was taken in hydro-energy transport operate gen alpha light.
4 -



202

receive much attention at Sacramento structure of the solar atmosphere at all
Peak. levels vastly complicates the problem. The

Each atomic pecies is tuned to a series approach is to find a distribution of tern-
of discrete wavelengths in the spectrum. perature and density, vertically and hori-
In these wavelengths, or "lines," the solar zontally, that fits all line profiles and the
atmosphere becomes more or less opaque, continuum, from center to limb.
depending on the efficiency of atomic ab- The magnesium line at 4571 Angstroms,
sorption and abundance of the atom. The due to a "forbidden" atomic transition, is
strongest lines are those for which the especially favorable for the determination
atmosphere is most opaque, and the depth of the vertical temperature distribution.
to which we can see is less in strong lines The brightness at each point in the line
than weak lines because of this greater profile has a much simpler dependence on
opacity, just as the limit of visibility is less temperature than that for nearly all other
in an opaque dense fog than in a light one. lines. The brightness at line center indi-
In- the light of the continuum, the atmos- cates a low temperature of about 4200
phere is quite transparent at all levels degrees K, suggesting that the line origi-
down to the onset of negative hydrogen nates near the level of minimum tempera-
ions which are opaque at all optical wave- ture in the lower chromosphere. The aver-
lengths. They produce an abrupt rise in age profile of Mg 4571 from center to limb
opacity, forming the white granulation was analyzed to define the height distribu-
layer. tion of temperature in the neighborhood of

For the terrestrial observer, then, strong the minimum. The observed profiles were
lines tend to originate at higher levels fitted at all positions on the solar disk with
than weak lines. Because the distribution a temperature minimum of 4140 degrees K
of opacity with height is nonuniform and at a height of 540 kilometers above the
different for different lines, this is only a floor. While this result hardly settles the
tendency. Within the inverted bell-shaped lively controversy ofthe past five years as
profile of a single Kine, however, the opaci- to whether the minimum temperature is
ty at every level diminishes as we depart 4600 or 4200 degrees, it strongly reinforces
from line center, but maintains the same the proponents of the lower value, and has
vertical distribution. We can be quite cer- already won a number of converts. Unfor-
tain, therefore, that the'light originates at tunately, the truth cannot be arrived at by
steadily decreasing heights as we progress a vote.
through the profile from line center to its In the long-term effort to define the
merging with the continuum. The shape of vertical distribution of temperature and
a line profile, then, is a function of the density, any clues that restrict the possible
vertical distribution of opacity, which is range of solutions are of the utmost value.
fixed by the vertical distributions of tern- Work in this diirection has been performed
perature and density. The variation of intermittently over the past 12 years to
temperature and density with height is determine corresponding wavelength dif-
basic to an understanding of energy trans- ferences in the profiles of different lines.
port through the line forming layers. We The wavelength difference in a line profile
seek to determine this through the study is measured between line center and any
of line profiles and the continuum, be- specified point of the profiles. In two lines,
tween the center of the solar disk and the A and B, for each wavelength difference A
limb, where the heights of origin are there is a corresponding wavelength differ-
greater becaue of the grazing incidence of ence B which has the same height of
the line of sight. The Inhomogeneous origin. The radiation in the two lines at
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corresponding wavelength differences
must therefore originate in tae same vol-

:ume of space in the solar atmosphere and
be the result of identical conditions of
temperature, density, magnetic field, mi-
cro-turbulence, and mass motion.

An attempt was made to define corre-
sponding wavelength differences by
matching the measurable Doppler veloci-ties and brightness fluctuations in the pro-

files of different lines. Although early re- A

sults were inconclusive because of spectro- : -

graph limitations, they did show that the W

approach was sound if the lines could be *

photographed simultaneously to avoid the
effects of imperfect seeing and tracking
The echelle spectrograph with the tower - A

telescope has this capability, and a number t4
of satisfactory spectrograms have been
secured. The first results of an analysis of
brightness fluctuations in the lines H and A04. 0
K of Ca 1, b, and b2 of Mg, and the
hydrogen beta line show the expected well 4W
defined curves of corresponding wave-
length differences between the Ca and Mg
lines, but two significant surprises ap-
peared. First, the hydrogen beta line has
brightness fluctuations quite uncorrelated
with tho3. of the other lines. The parame- Bright points clustered in an active center
ters responsible for the brightness in hy- and distribut " along the bases of hedge-
drogen beta must be different from those rows of spicules near the solar limb.
for the Ca and Mg lines. Secondly, the Ca begun to settle the question of systematic
and Mg lines have a range of correspond- temperature variations with latitude of
ing wavelength differences within which the white surface of the sun. This is an old
the brightness fluctuations are negatively observational problem of special interest
correlated with those of the continuum, because of its bearing on the global cOrcu-
Bright granules and dark intergranular lation pattern of the solar atmosphere.
spaces reverse sign at higher levels and Earlier observations were discordant, sug-

* turn dark and bright, respectively. This gesting a pole to equatr temperature dlt
pecuiiarity is lacking in hydrogen beta. ference of anything from 0 to W0 degrees
Such a reversal poses a knotty problem in K.
radiative transfer theory which is being In principle, the observations arc simple
explored by several investigators at Sacra- 'measurements of differences in surface
mepto Peak and elsewhere. The program brightness, but an vccuracy of 1 degree K
will be expanded to tie together a-variety in the temperature difference requires
of neutral and ionized line: of different photometric accuracy of one part in 1500,

. excitation potentials. which is not so simple. At this level of
In the summer of 1970, a study was precision, the observer must correct for

$2." <



the difference in atmospheric absorption sunspots of the next solar cycle at this
between the upper and lower limbs of the latitude. A final conclusion is that the
sun, a changing quantity dependent on temperature differences could have had no
solar altitude and the momentary trans- detectable influence on the celebrated 1966
parency of the atmosphere. There are also measurements of solar oblateness by Dicke
a number of small instrumental effects to and Goldenberg, as had been proposed by a
be determined and eliminated, number of theoreticians.

A photoelectric detector was used with In addition to its own research pro-
the 30-cm coelostat telescope and tire tow- grams, the Observatory has received nu-
er telescope. After a long series of obser- merous requests for use of the tower tele-
vations and equally iong sessions with the scope and echelle spectrograph for studies
computer, it was found that the tempera- of the strong lines of the solar spectruri
ture difference is 1.5 ± 0.6 degrees K at the that originate in the chromosphere. To
floor of the solar atmosphere. Thus, sys- avoid waste of telescope time in duplicate
tematic zonal temperature gradients pro- observation, and incidentally obtain higher
vide very little power for global circula- quality spectrograms, the HIRKHAD pro-
tion. gram was initiated in 1971. The HIRK-

The observations were repeated with HAD spectrograms are simultaneous rec-
light from the red wing of the K line of. Ca ords of the H, K, and two infrared lines of
II which originates at the 300-km level. Ca II, the hydrogen alpha line, and the two
Here, no temperature difference between D lines cf Na I. They are taken under best
the equator and poles was found, but the seeing conditions at graduated positions
temperature in the sunspot zones was ap- from the center of the solar disk to the
preciably enhanced, to a maximum 8 de- limb, along with the most rigorous photo-
grees ± 2.5 degrees K, with some marked metric calibrations, an item all too fre-
irregularities that were different in the quently neglc-,"ted.
'northern and southern hemispheres, and A large part of the program has been
appeared to coincide with the general level completed and the spectrograms are in the
of activity in each. The 8 degree tempera- har," :,f several users, both at Sacramento
ture difference at the low density 300-ki Pea. ant lsewhere. Eventually, as time
level represents much less energy density and opporvAnity permit, HIRKHAD time
than a I degree difference at the floor sequences for evolutionary studies will be
level, taken.

The irregular distribution of tempera- The lines of he!:..m are practically -nde-
ture enhancements in the latitudes of solar tectable in the solar absorption spectrum,
activity suggests that they are local phe- although they are prominent in the bright
nomena associated with specific active fea- line spectrum of thme chromosphere at the
ture rather taw systematic latitue ef- limb where it is viewed against the dark
fects. This was investigated by comparing sky. An exception is the infrared line at
thr observed temperature differences in 10830 Angstroms, just beyond the long
detail with active features present at the wave photographic limit (unless one is wil-
time, arid with the measured magnetic ling to cope with the uncertain photometry
field strengths. A clear relation with mag- and laboratory gymnastics of hypersensiti-
rietie reld strength was found, which sug- zation). A birefringent filter for this line
gesd that an enhancemvent at 50 degrrts was assembled and made operational, and
north latitude observed in both the ti.mo th., sun was successfully photographed in
perature profile and magnetic flux is the iV0830 Angstrom light with an image tube.
precursor of the expected appearaive of The objective was to compare the helium
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structures in and around~ activ- centers qjuantitatively at Sacramento Peak in
with those Seen in the Ca 11 and hydrogen 1961. The critical unknown was the up-
lines. The relative intensities of these lines, ward p~rop~agation velocity of the waves. In
are an indicator of the excitation condi- early 1972, work was begun to settle this
tions at chromiospheric levels in active question with a good time sequence of
centers. The observations show weak he- spectrograms showing lines which origi-
lium emission in flares and plages, andl nate at heights of 10, 150, antI 300 kmn
strong absorption in prominences. A qjuick above the white floor of the solar atmos-
look interpretation indicatedI surprisingl% jphere. The treasured upward wave lprolpa-
low ex, Itation, but reliable Conclusions will gation, decterminedl from the observed
follow data analysis. p~hase lags at the dlifferent heights, confirm

Work has continued for several years to the earlier rough estimate of aboiit 40 km
specify the upward mechanical energy flux per~ second. Contrary to earlier tentative
through the bolar atmnosp~here carried by conclusions, the first analysis of the ob-
Or.- fir-c-minute oscillations first measuredl served amplitudes and this phase velocity

1A1

A -,.tem of loops at the limb photographed
in (different wa'elengths near the hydrogen
alpha line (to show sightline velocity. ahout
16 kmr per second per Angstrom), (Hydrogen
alpha -I Angstrom showi a velocity of ap-
piroach of .16 kilometers per sccond.) The
loopq folio%% the magnetic lines of force over
an active center which guidle material down
from nuclei at the top into the chromos-
phere.
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indicated that the five-minute oscillations activity, do not account for the energy
transport more than enough energy for released. This was a sort of negative con-
the heating of the chromosphere. This is an firmation of current theories of energy
important onfirmation of a previous un- conversion, which state that the real action
verified assumption that theoreticians occurs in volume elements too small for
have used for years, Because it is crucial, resolution by the Doppler Zeeman Analyz-
the analysis will be refined to include such er.
effects as damping (which can now be A rapid series of photographs were tak-
measured), and possible magnetic re- en through a JAngstrom bandwidth hydro-
straints, before stating any final conclu- gen alpha filter with the tower telescope.
sion. This work is presently .. progress. Exposures were made at A -- 0, +, 4,

In a 1971 study of the low-frequ--ncy end and +2 Angstroms, from the center of the
of the power spectrum for motions at the hydrogen alpha profile, and in the contin-
lowest level of the photosphere, small ar- uum. They show the structures through a
eas of the solar surtace were scanned con- descending series of levels, from the mid-
tinuously for four hours with the Doppler dle chromosphere down to the white floor.
Zeeman Analyzer in the low-lying 5383 It was immediately discovered that the
line of carbon. An elegant statistical anal- sun is sprinkled with thousands of tiny
ysi.s of the observations yielded the first bright ;;ointi, 300 600 kni in diameter, pre-detai.:.2 picture of the low-level motions, viously unregnized. They are most con-

and thei' relation to intensity fluctuations. spicuous in the 5 Angstrom frames, and
Strong, slowly changing velocities with tend to cluster in active centers, often
varying periods, between 30 and 60 min- beautifully arranged in a necklace along
utes long, are coherent over distances of 20 the outer boundaries of sunspot penum-
to 60 thousand kilometers. This is very brae. The points also appear in smaller
much larger than the granulation size numbers all over the whole solar disk,
scale, and in good agreement with earlier mostly along the foot point-, of the long
studies of coherence lengths at higher lev- hedges of vertical jets known as spicules
els. Unlike the five minute resonant oscil- which tend to outline the supergranule
lations, however, the motion is predomi- convective cells about 30,000 km in diame-
nantly horizontal. The velocit;.s are ter. We know independently that strong
strongly correlated with brightne s chang- magnetic knots occur along the cell bound-
es, with a four minute lag, bull qAite u~ncor- aries, and it is suspected that they may
related with the magnetic fielcs measured coincide with the bright point. .If so, the
,by the Doppler Zeeman Analyzer. The points are probably small Ellerman bombs,
great size of the moving elements upsets the origin (,f all surge prominences. Hence,
the customary assumption that photos- it may be that the spicules emanating
pherie motions are the result of impacts from the points are miniature surges. Thefrom the upward moving granulation, and question may be settled by the multi-

hence to the whole concept of granulation channel magnetograph.
as the source of mechanical energy for the An examination of some of the pictures

solar atmosphAre. taken at -1 Angstrom showed what had
In 1970, a program was initiated to been taken to be a fine scratch on one

investigate systematically the small scale frame appeared on all frames. This discov-
phenomena of solar activity at all accessi- cry was not defined until some months
ble levels in the solar atmosphere. The later when work on the temperature con-
gross magnetic changes accompanying trol of the entrance window of the tower
flares, the most vigorous for.mt of solar telescope yielded a modest but decisive
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An island of solar filigree photographed in
the continuum, and at + 2, + 7/8 and -7/8
Angstroms from the center of the hydrogen
alpha line. The filigree is bright and coarse
on the -7/8 Angstrom exposure (lower
right), but its crinkled hair-like character is
best visible in the + 2 Angstrom exposure
(upper right). The granulation in the area
underlying the filigree (upper left) is ex-
traoninarily smeared.

improvement in definition. Islands were only rarely when the seeing is at its best.
found, spotted all over the solar disk, corn- One characteristic of the filigree islands,
posed of a network of hair thin, bright readily seen in the figure, is a marked

filaments, a feature named the "solar fili- smearing of the underlying granular de-
gree." The measured width of the filigree tail.
strands is 200 kin, but this is only an upper Two projects are under way to deter-
limit to their actual diameter, since it is mine the significance of the filigree and

-0 right at the resolution limit of the tele- the bright points, their relation with each
scope, certainly the smallest solar features other, with Ellerman bombs, with the gra-

ever photographed. They are observable nulation and spicule pattern, and with

2 .-%- - ~ - - -- - - - - -
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magnetic fields. It has been predicted that RESEARCH ON SOLAR ACTIVITY
oscillations at lower levels should generate
upward-propagating waves in coronal con- The preceding discussion concerns the bas-
densations. They should be visible under ic steady state condition of the solar at-
favorable circumstances as brightness mosphere, the environment and source of
waves. An eclipse movie was taken, and solar activity. We are accustomed to think
multiple printed on grainless high contrast of flares as very energetic, as indeed they
film to reduce film grain noise, but the are, but compared with the rate of energy
waves could not be detected. This does not output from the quiet sun, the enhance-
mean that they do not exist. Unless the ment due to even the largest flare is triv-
wave fronts lie nea~ly parallel to the line ial. With the exception of the sunspots, all
of sight, they would be invisible because active features are quite invisible without
maxima-and minima would be superposed. the aid of refined spectroscopic devices
Coronal movies of the July 10, 1972 eclipse, tuned to their particular emission frequen-
and, if necessary, the June 30, 1973 eclipse, cies. Thus, golar activity has no appreciable
will be taken. Detection of these waves influence on the bulk solar energy output,
would be an, important confirmation of the the power that maintains the terrestrial
validity of the theory of plasma waves at surface environment. How, then, can a
very low densities in magnetic fields, a solar flare have the strong terrestrial ef-
major component in the current efforts to fects that concern us? Although the flare
explain the high energy solar radiations may enhance the -solar power by only one
that stimulate terrestrial responses. part in one million, its energy is very

In conjunction with the search for co- different in quality. In analogy, it comes in
ronal waves, Sacramento Peak motion pic- a shower of bullets rather than as the
ture footage was used to investigate co- energy of a Niagara, and these bullets
ronal responses to all forms of fast activity affect the atoms and molecules of the ion-
in the chromosphere, and the relation be- osphere in ways that no amount of energy
tween visible coronal activity and the from the quiet sun could. The bullets are,
many types of radio bursts recorded by of course, X-ray quanta and energetic par-
AFCRL's radio and microwave telescopes. ticles, mostly protons and electrons. On
This work is still in progress, but there are impact, they ionize the atmospheric mole-
already a number of interesting findings. cules, changing the electrical properties of
The only chromospheric activities that pro- the ionosphere with results that have al-
yoke coronal responses are those that in- ready been described. The ionosphere is
ject material into the corona at velocities thin, about 10-4 as dense as sea level air. It
of 50 km per second or more--all types of is sensitive to very small amounts of ener-
eruptive prominences including surges. gy, if that energy comes in sufficiently
The only flares that visibly affect the co- concentrated packets, i.e., in X-rays or
rona are those that eject surges or form particles energetic enough to ionize the
loops. Events that appear to be magneti- atmospheric molecules, which are quite
cally trapped in the lower corona often impervious to the floods of visible and
emit microwaves, but have no low fre- infrared radiation put out by the quiet sun.
quency emission. Those that reach into the Small though they are, the radiations
upper corona, whether excited by eruptive from solar activity become increasingly
prominences or other causes, invariably important in a world increasingly depend-
produce Type II or Type IV radio bursts. ent on advancing technology, particularly

in the field of Air Force operations. This is
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the reason for the focus of attention on theoretical rationale which has been uni-
solar activity at Sacramento Peak. versally accepted in the analysis of XUV

The dominating force is solar magnet- observations of active centers. Its validity,
ism, which, directly or indirectly, powers however, depends on a monotonic increase
all forms of solar activity, and energizes of temperature with height, a condition
the terrestrially effective radiations. The that is clearly satisfied over most of the
mechanisms by which the diffuse energy of sun, but possibly not in the less regular
the magnetic fields are concentrated 1nto environment of an active center. The ob-
X-rays and fast particles are very unclear servations were to determine whether, in
at present. Our hope for understanding fact, the high temperature lines originate
lies in caretul observation of the magnetic at higher levels in active centers than lowfields and their effects on solar material, temperature lines.

interpreted in the quantitative physical In the OSO pictures, active centers ap-
terms of magnetohydrodynamics (MHD). pear as brilliant patches on the solo disk
In -many instances, the sun performs hy- with rather poor spatial resolution of one

L dromagnetic experiments for us on a scale are minute.
far beyond any laboratory resources, and A purely geometrical method was de-
these contribute in important ways to the vised to sort out the heights in an active
theoretical aspects of MHD. This is a see- center, based on the fact that a high level
ondary benefit, however, in the effort to object would have a faster apparent mo-
find out exactly what goes on before, dur- tion due to solar rotation than a low lying
ing, and after a flare, whose antecedents object, since its radial distance from the
and consequences spread far beyond the center of rotation is greater. Hence, as an
flare cataclysm itself in space and time. active center rotates across the disk, its
Every form of solar activity is involved image in a high level line should move
directly or indirectly, slightly faster than in a low level line.

The Sacramento Peak program in solar Since the expected differences in height
activity is designed to study all aspects, are only 1 to 2 per cent of the solar radius,
combining the optical observations made the parallax effect is very small, much less
at the Observatory with radio observations than the OS0-4 image resolution. There-
from other AFCRL laboratories and out- fore, small systematic effects in the meas-
side sources, and data from satellites and urements of some hundreds of OSO pie-
rockets above the ultraviolet absorption of tures taken in five lines of graduated tem-
the terrestrial atmosphere. peraturi sensitivity had to be measured.

Orbiting Solar Observatory (OSO) No. 4 The analysis showed that, with one ex-
observations, consisting of mosaics of the plainable exception, the lines did originate
solar surface in the light of many ultravi- in the expected order of height over a
olet lines in the 300 to 1300 Angstrom range of 17000 km. This is the first indc-
portion of the spectrum, were studied for pendent geometrical check that provides a
several months. A number of these lines reassuringly hard confirmation of the
are radiated only at very specific tempera- theoretical height scale of the ultraviolet
tures, ranging from 104 to 106 degrees K in lines.
different lines. This is the temperature The same observational material al-
range from the chromosphere up into the lowed measurement of the rotation rate of
lower corona, and a ranking of the lines the sur, at the heights of UV emission, well
according to their teni,;eratures should above the levels accessible to optical obser-
rank them according to height. This is a vation. This problem is not trivial, since
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the rotation rate of the solar surface varies are now fairly routine. At Sacramento
with latitude, from periods of 25 days at Peak, the computer receiven the Doppler
the equator to about 31 days at the poles, Zeeman Analyzer signals irt real time and
and appears to increase with height in the produces a contour map of the field in the
solar atmosphere. Surprisingly, at levels of scanned area which appears on a TV++ about 2000 and 1M00 kin, the measured screen at the observing station. Thus, therotation rate is the same, within observa- observer can immediately detect areas of

tional accuracy, as that of the sunspots at special interest for concentrated attention.
height zero in the same latitude. This system is fundamental to studying

-The umbral flashes were discovered at the field activity associated with a number
Sacramento Pea. in 1967. They are small of flares. The time and spatial resolution is
bright patches, up to 3000 kilometers in still not sufficient to define the important
diameter, that appear abruptly over the small-scale changes, but some highly sig-
dark umbra of a sunspot in K line pictures, nificant correlations have been found that
and migrate rapidly to the nearest umbra! will be important in the physical explana-
boundary as they fade. The entire bright- tion of flares, and also useful in flare
ness cycle is less than a minute, and, a prediction.
single source point often spawns a number Solar magnetic observations depend-on
of successive flashes at regular intervals of the Zeeman effect in a dozen sensitive lines
120 seconds. Since the motion is directly that originate in the photosphere. Thus, a
across the sLr~ngest magnetic fields on the magnetic map defines the field distribution
sun, the flasias cannot be clouds of mate- only at the photospheric level. Whii i this is
rial. Rather they are waves of excitation in of vaue, the real need is .'.r tne three-
a stationery medium, like a moving search- dimensional field distribution in the space

* light spot on a cloLW. In 1970, a time above the photosphere, where the flares
sequence.-* 1pect grams was secured at originate. A computer program was de
the tower telescope to determine what vised in 1964 at Sacramento Peak to calcu-
kinds of vertical mass motions along the late such space field distributions from the
field lines are associated with the flashes. available two-dimensional field maps. Be-
A prominent vertical oscillation in the spot cause the maps show only the sightline
umbra with a period of 176 seconds was component at each point instead of the full
discovered, but apparently it is quite unre- magnetic vector, it was necessary to as-
lated to the flashes. These oscillations are sume that the field was free of electric
probably trivial in the energy ba.mce of a currents. This was unfortunate. There was
sunspot, which is dominated by the mag- no solid information on currents in the
netic field many orders of magnitude more solar atmosphere, and no reason to expect
energetic. They are important, however, as current-free fields. For lack of anything
solar "experiments," significant in the better, solar astronomers use this pro-
theory of the interaction of magnetic fields gram, but the current-free assumption is a
and plasma waves, a process which is sure- troublesome uncertainty.
ly involved in the production of X-rays and This assumption can be avoided by a
fast particles, vector magnetograph which maps the full

magnetic vector. In the .crong fields of
RESEARCH ON SOLAR MAGNETIC FIELDS active centers, the obse, cations required to

define the transverse components (which
Measurements of the sightline component combine with the sightline component to
of solar magnetic fields in the photosphere define the vector) cre io more difficult
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than observations of the-sightine comnpo- Peak Observatory plans to add the vector
nent, although the volume-of data is tri- capability to the multi-channel magneto-
pled'."Several vector magnetogrmphs. are in graph. It should be pointed out, however,
operation at present, and the Sacramento that making the observations is only the

0'0

MdA~th Region 11128 magnetic
fields at 2038 UT. January 20. 1971.

N Lines of force computed from the
-O10 0 magneto~ram shtown at top lift.K9

100

Stzfwqit outlines 4"d 1018f coordinates__________________
for Wc~leh Region 11123 at 2023 UT.~

Ja.~V20. 197t. FlagIatss shcli atesi and
post-fiim loops at 2345 Ur.
Uaty 24, 1971.

Magnetic field of the flare of January 24.
W91. Upper left: Preflare contour map of

photoapheric magnsetic field. Upper right-
Projection of "n-ft dimensional calculated
field lines, and outline of flare. Note magnet-
(c loops between the two ribbons, and the
open field lines iraititig from a small ree
to right of flare. Lower right: Diagram of
post-flare loops between ribbons.
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simplest part of determining magnetic Under some circumstances, the calculat-
vectors. The observations are measure- ed current-free field accurately represents
ments of the polarization of the light at the real field. This was shown by mapping
selected points in line profiles. The sight- the photospheric fields with the Doppler
line component is directly and simply re- Zeeman Analyzer and comparing them
lated to the circular polarization, and with calcula*.te hold lines originting at
hence is easily determined. The transverse the foot points of loop prominences shown
component, however, depends on the de- in hydrogen alpha photographs. Loop
gree and direction of linear polarization in prominences are rather rare, and the com-
a very complicated manner. To determine parison cculd use only those whose fields
the transverse field, one must have a rea- had been mapped several days before they
sonably accurate model of the solar atmos- reached the limb and formed prominences.
phere in the observed region, to define the Five examplf, were found that met the
radiative transfer parameters. This is not requirements. All of them showed excel-
a serious problem for the quiet sun, but in lent agreement between the loop structure
an active center, where most abnormal and the calculated current-free fields. This
conditions prevail, conditioned by the field demonstration of the validity of the calcu-
to be measured, the interpretation of the lations was encouraging, and the same
observed polarization is difficult and uncer- procedure has been used to investigate the
tain. Thus, the multi-channel vector mag- fields in active centers that have promising
netograph readings of the transverse field looking satellites. Fortunately, the field in
will be less definite than those for the which the proton flare of January 24, 1971
sightline field, appeared was one of those observed. When

In the complex sunspot groups which the magnetic map and the calculated field
produce large flares, there are occasional
"satellite spots," small islands or peninsu-
las of flux of one polarity intruding into a
strong field of the opposite polarity. The
flares start with bright kernels which are
always in or very near such a satellite
during a rapidly changing phase of its
development. A flare can be reliably pre-
dicted some hours in advance by this asso-
ciation. After a flare has run its course, the
satellite is less pronounced and the field
gradients reduced. This is the most definite
observational identification so far of a field
configuration that invariably precedes a
flare. To take advantage of this and any
other magnetic flare precursors that may
be di: covered, magnetic observati,.ns are
provided ?or in the design of the observing ,
equipmen, for the world-wide solar moni-tori, " etof he ir Wathr Srvie. hotogi'aph of a coronailoop isy~tc'n super-
torig oetd of the Air Weather Service. on the current free m.gnetic field
V"..,,iwhiie, arrangements are being made lines calculated from observations of the
to transmit daily magnetic maps to the suface field, The good agree",ent between
AWS Solar Forecasting Center by Telex, observod Atructure and calcu;ated field con-

firts the validity of the current free approx-
over telephone line. im-t.n.
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overlying the supposed flare location were lower than those measured in the Fe 6303
compared, it was noted that the magnetic line.
arches bridging the gap between the fila- Surge prominences are ballistic jets of
ments coincided with a low loop structure, prominence material that shoot out and
and that the flare as a whole was covered fall back with gravitational acceleration
with a magnetic dome that would be im- along a trajectory defined by the magnetic
penetrable to outgoing protons. The fast field. Typical initial velocities are about
protons, which vigorously showered the 100 to 200 km per second. Several fine
earth, are believed to have originated a movies of surges have been obtained while
short di'tanee away in the small area of the magnetic fields were mapped simulta-
open field lines that provide a pathway neously. Analysis of the magnetic charac-
extending out through the corona. ter of the surges has been completed. With

Although the current-free assumption good seeing the tower telescope resolves
seems to hod even around such violent all surges into bundles of parallel filaments
cataclysms as big flares, there are a few along which the surge material moves.
clear instances where electric currents are There is no sign of helical motion which
present, and produce visible effects. A would indicate the presence of electric
number of promifience pictures showing currents, and the filaments coincide very
long streamers with a definite helical well with the calculated fields. Each fila-
structure resembling a coarse screw ment originates in one of the bright points
thread have been collected. A field of this or in an Ellerman bomb, usually located in
configuration can be produced only by an the outer penumbral boundary of a sun-
electric curmnt 3iong the helix, spot.

In 1970, t'.? international Astronomical Next, the nature of the impulse which
Umon arinted scientists from Sacra- ejects a surge filament should be deter-

? mento Peal. to Oganize an effort to deter- mined. Since the kinetic energy is quite
mine the systematic differences L-tween comparable with the radiation energy of a
measurements' by different magneto- flore, and is expended at about the same
graphs around the world. This is a rate, it will be important to learn whether
straightforward comparison of records of or not the gross magnetic field changes are
the fields in the same active centers from as small as they are for a flare.
the different observatories, complicated by This review describes the most sign;fl-
the requirement that the sky must be clear cant research conducted during this re-
at all of them at the same time. Coopera- porting interval. Many minor experiments,
tion among the observatories has been theoretical calculations, observation, or in-
enthusiastic At Sacramento Peak, the strumental changes that occur continually
Doppler Zeeman Analyzer magnetic meas- in any active observatory, have been omit-
urements in the Fe 5250 Angstrom line ted. Once a scientific objective has been
were compared with those in Fe 6303 Ang- determined, preliminary experimentation
strom line. Fe 5250, long the standard line is required to define the most direct ap-
for magnetic measurements, has recently preach and to determine the feasibility of
been suspected of systematic intensity the project. This is particularly true of
changes induced by the magnetic fields problems that strain the state of the art,
being measured. As measured by the Dop- and optical solar research has reached a
pier Zeeman Analyzer, which should be stage where further advances depend on
affected less than any other existing mag- determining and using the best possible
netograph by this effect, Fe 5250 field line methods for making the observations
strengths are approximately 20 percent needed.%i
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VIII TerreltrIalScioncesLaborat
o ry

The Terrestrial Sciences Laboratory con-

ducts- research on the:pxoperties-aid envi-
ronment of the earth's surface, subsurface,
and mear atmosphere, particularly in the
areas ofseismology, geology,.crustal phys-
ics, speetroscopicstudies and- geodesy and
gravity. These efforts involve the collec-
tion and interpretation of geophysical
data, the application of mathematical
models to actual physical phenomena, and
the development and testing of new in-
strumentation for experimental studies.

Dtn-g this reporting period, the Labo-
:atory mission was partly redirected
toward new objectives. This called for the
phasing out of traditional seismology ef-
forts and for new emphasis on geokinetic
motion studies. The long-time effort in
remote sensing of terrain -properties was
replaced by a program to determine elec-
tromechanical properties of geologic mate-
rial. Expansion into spectroscopic studies
of terresUial backgrounds was begun. The
programs of airborne gravity measure-
ments and lunar distance determinations
by laser reflection techniques were satis-
factorily completed and the aircraft pre-
viously used for the terrain sensing and
airborne gravity programs was released
and reassigned.

Laboratory efforts in seismology are
ow oriented toward providing a better

understanding of the sources and propaga-
tion characteristics of natural or manmade
phenomena.

Earthquake prediction and control occu-
pies the attention of the nation's seismolo-
gists and it is acknowledged that a more
general theoretical understanding of
earthquake mechanisms is needed at the
present time. To improve this understand-
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ing, the AFCRL effort ii seismology is o
concerned with the development of more
detailed quantitative theories of the earth-

quake focal mechanism and with direct (s)
measurement of the deformational behav- ____

ior and strength of various minerals under I
extreme pressure and temperature. -0

SEISMOLOGY "b

EARTHQUAKE SOURCE MECHANISM: If 0o
the seismic source (explosion or earth-
quake) is more thoroughly understood,
sucess in isolating and identifying unique | "
signal characteristics radiating from each --A

source should be enhanced. The Laborato- -
ry is pursuing this hypothesis through
theoretical studies, to develop a theory o I

applcatle to seismic energy radiating I
from'either a fault in the earth or an
underground nuclear explosion.

Little is known about the actual spatial (d)
and temporal distribution of displacements t
along a moving fault. It is possible, howev-
er, from a mathematical viewpoint, to By fitting ai equation to the observed data,
imagine the source replaced by a narrow conclusions can be drawn about the earth.
"box" neatly enclosing the focal region, quake source region. Here, curve (a) gives

the stress versus time. The sharp drop atThe seismic energy radiated from the focal time zero is assumed caused by rock fracture
region may then be described in t,.rms of giving rise to an earthquake. Curve (b)
an equivalent set of displacements occur- shows the strength of the medium. The left

curve assumes a fast recovery, the right
ring at the box surface only. This approach curve, a slower recovery of strength. The
has led to the development of a quantita- curve in (c) gives the resulting motion for a
tive focal mechanism theory for the corn- slow strength recovery, the curve in (d), themotion when ths recovery is very fast.
putationally difficult region very close to
the source. The theory assumes both that lates are being tested against physical lab-
the source dislocation function can be de- oratory models. The models are prefrac-
scribed temporally and that the velocity of tured to form a fault, and then slowly
the dislocation front along the fault can be stressed biaxially in a pneumatic stressing
prescribed. There are three independent machine, while the changes in the stress
possible motions of the line source. During field are monitored optically using the pho-
the reporting period, the tensile and trans- toelastic effect. The "seismic" effects re-
verse shear motions were worked out to suiting from model failure ("earth-
complete the work published earlier for quakes") are recorded by strain gauge in-
the longitudinal shear fault. strumentation. Disposition of the gauges

Because of the difficulty of obtaining throughout the r1wodel is such that the
appropriate data from nature, these postu- details of the propagating dislocation can



be followed from observation of the close- matical models are also -two-dimensional,
in z,-'smic radiation recorded by the gaug- assuming a rigid block of arbitrary shape
es. welded to an elastic half-space. Seismic

excitation can be either body waves or
ENVIRONM'NY4 EFFECTS ON TEST surface waves at any appropriate angle of

STANDS: During recen.t vears scientists and incidence, and with any wave shape. A
engineers concerned with evaluating iner- solution to this problem has been obtained

. tial guidance devices have beco ne increas- in the form of a computer program. The
ingly aware that a limiting factor in asses- program output can be in any of several
sing performance quality is low-level un- convenient formats, one of which is a mo-
controlled motion due to the test stand tion picture film showing the exaggerated
geophysical environment, particularly mi- motion of the test pad slowed down to
croseismic phenomena. Several approaches appear to the eye as a continuous moving
to analyzing and correcting for-the noise sequence.
problem have been attempted within the
Laboratory for improved design considera-
tions for test stands.

In the first approach, physical laboratory
models are udlized incorporating the tech-
niques of two-dimensional seismic model-
ing. The basic model consists of a circular
disk, typically made of Plexiglas, with the
model test pad isolation geometry placed ....
on or cut into a position on the disk rim N.
and instrumented with strain gauges.
Strain gauges are also placed at the antip-
odal point so that the model test pad and
free field response to seismic excitations
can be compared. The seismic excitation
source is placed on the rim halfway be-
tween the riodel test pad and its antipode. -

For a given test nad the effects of greatly
differing seismic sources can readily be
learned. An exploding rivet on one side

a t n e fThe round device in the center of the picture.gives a short transient source of surface or is a g o e or wh c u es ni t g ai givsis a geosensor, which use an integrating
body waves, while sinusoidal tone bursts rate gyro as the sensor to determine the
can be produced from a piezoelectric alignment of the earth rotational axes. A
source on the other side. Preliminary test cable runs from the instrument to a digital

indicator at the rear, which reads the differ-
results indicate that some current designs ence between the assumed north direction
for test pad isolation may be deceptive in and true north. The difference can be trans-
their action, reducing undesired motion in ferred to a mirror on the outside of thc

sensor, and this true north mference can
one direction while perhaps enhancing then be transferred to an external mirror to
such motion in another. provide a north reference at any desiredA mathematical modeling approach is point. Here, the output, is being transferred

to two mirrors (round objects at right front
also being followed, using computational and right rear) in a test to determine repea-
techniques on the appropriate wave equa- tability of the readings. To reduce scatter in
tions while incorporating pad designs with the data, seismometers and tiltmeters are, used on the pier to determine environmental
realistic boundary conditions. Such mathe- motion.usdo h ie odtrie niomna
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EXPLOSIVE VOLCANISM: The contribu- aircraft was reassigned from AFCRL,
tions of volcanic eruptions to the dust and bringing to an end the Laboratory's use of
aerosol content of the upper atmosphere multispectral photography and thermal in-
have only recently been recognized in the frared imaging procedures for airborne
growing concern of scientists over general geological surveys. Prior airborne daa col-
atmospheric pollution. Military signifi- lection flights were made, in a joint e rort
cance of such phenomena lies in the evi- with the U.S. Geological Survey and the
dent increasing turbidity of the strato- Army Cor.s of Engineers, over Puerto
sphere and its possible detrimental effect Rico and the U.S. Virgin Islands. The
on airborne optical, navigational, and re- purpose of the surv.ys was to assist in
connaissance sensors. analysis of lateritic soil conditio.s in a

A study was conducted of the source semitropical environment. Terrestrial ra-
distribution of explosive volcanism events diation and reflection differences from vary-
whose effluents have likely penetrated into ing soil and moisture conditions provide
the stratosphere. It concluded that during strong clues for terrain type identification.
the past two decades there have been two One of the last airborne missions also
periods (1950-1956 and 1963-1970) of concluded the long-term research program
strongly explosive eruptions. In the latter for evaluation of dry lakebeds as emer-
period, two latitudinal belts of volcanoes gency unprepared airstrips. During rough-
have ejected ash and gases into the strato- field operational tests of the new giant
slere. One belt is equatorial and the C-5A transport aircraft at Harper Dry
other is just below the Arctic Circle. The Lake, California, the Laboratory obtained
latter, where the tropopause is considera- aerial photographic coverage of the lake-
bly lower, may have been the pincipal bed runway. Analysis of the relative com-
source of 'lust and as!,es. Submarine volca- paction and rutting of the soil by aircraft
noes and volcanic eruptions producing takeoffs and landings is aided by interpre-
large amounts of steam within this belt tation of the reflectance tone patterns seen
may be the source of the reported increase on this multispectral imagery. Extensive
in stratospheric water vapor, ground surveys of the load-bearing proper-

This reporting period saw the end of the ties and moisture susceptibility of the soil
multispectral photography and thermal in- were conducted simultaneously to verify
frared remote sensing, which was replaced the interpreter's analysis.
by a programn to determine soil properties
by measuring electrical properties. The ELECTRICAL AND MECHANICAL PROPER-
work in crustal studies research is becom- TIES OF TERRESTRIAL MATERIALS: After the
ing more closely related to the seismology remote sensing effort for airborne deter-
program in ,heir common interest in the mination of the properties of terrain was
deformation and plasticity of the earth's terminated, Laboratory scientists turned
crust. These small-scale movements can their attention toward other means of ob-
cause a missile silo to become slightly taining information on the surface and
misaligned from the vertical, and thus subsurface geologic material through
affect the targeting accuracy of a missile. other observable signatures. The most

commonly sought parameters of terres-
trial materials are mechanical properties,
particularly strength properties. Mechani-

GEOLOGY cal properties are difficult enough to meas-
ure in small sizes in the laboratory; they

REMOTE SENSING OF TERRAIN: During the are exceedingly difficult to measure in situ
spring of 1971 the C-130 remote sensing in the large sample sizes usually desired or

i_} '~ - - - . -.. -- - " . . . . --. - -
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Comparison of imagery illustrating micro-
morphological characteristics at Field Sta-
tion No. 2, Harper Dry Lake, California
(July 1970).

necessary. However, electrical properties Field investigations are performed to iden-
of earth materials are much more easiiy tify the in sitit :,techanical properties as
measured, particularly in the field, and determined by seismic energy propagation
large sample sizes are measurable in many phenomena. A full-scale field experiment
electrical techniques with r s much ease as utilizing a 9-position array of electrodes
small ones. Furthermore, electrical proper- was prepared for deployment at a high
ties of a sample can be measured both explosive test in late 1972. Measurements
internally and externally from convenient of electrical conductivity before and dur-
locations without direct sample contact. ing shock wave transit of the rock material
The readily determined electrical parame- will serve to establish both static and dy-
ters (dielectric constant and electrical con- namic parameters for analysis.
ductivity) are believed correlated with me- Theoretical studies covering all possible
chanical properties (density, porosity, elas- correlating factors, even as fundamental
ticity, and shear and tensile strength) in as material atomic structure, are also con-
terrestrial materials. ducted. As the understanding of the elec-

Research was therefore initiated to de- tro-mechanical relationships becomes more
termine: the electrical and mechanical evident, it is planned to shift the detection
properties of rocks and soils, correlations technique from direct-contac e!ectrical
between these properties, and the basis of probes to electromagnetic wave propaga-
phenomena in both consolidated and un- tion procedures which woluld prmit sub-
consolidated terrestrial materials. The use surface measurements from a remote plat-
of long, linear electrodes, each in a sepa- form.
rate borehole, enables electrical measure-
ments on any geologic sample sixe by pro- ROCK AND SOIL MECHANICS: Deforma-
viding electric definition of the sample tional behavior of poorly consolidated ter-
boundary as all equipotential surface. restrial material is studied in the laborato-
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The work on rocks emphasizes studies of
shear strength in opposed anvil type press-
es which permit a pressure and tempera-
ture environment up to 150 kilobars and
1000 degrees C dependent somewhat on
the sample size selected. Compressive
strength is determined in a piston cylinder
apparatus operating up to 30 kilobars and
1400 degrees C where selected silicate
clays are studied. Deformed samples are
examined by optical, X-ray, electron mi-
croscope, and other physical methods link-
ing the microstructure to the gross sample
properties to determine slip systems and

A nineoposition array installed for determin- mineralogy of the samples. Atomic models
ing electrical and mechanical properties of of the slip system are developed through
the soil.-The igloo-ahaped object is a stack of the crystal structure as a function of tern-
bricks totaling 20 tons of TNT. Detonation erature to show why a particular system
of this explosive caused a diaturbanoe in the P
ground a- the electrical changes as the is favored over competing systems. Intact
disturbance rmoved past, the sensors were and prefractured rocks are being studied
measured,.o that dynamic, as well as static, with a broad spectrum of cyclic loading
measurements could be made on the soil.

(fatigue testing) under effective confining
ry using specially designed experimental pressures and temperatures that simulate
apparatus and techniques. Emphasis in the the natural environments of crustal mate-
conduct of current and planned experi- rials.
ments is placed on such factors as amount
and type of minerals, presence and pres- SOIL CHEMISTRY AND MINERALOGY: Air
sure of pore fluids, degree of cementation, Force civil engineers need improved tech-
abundance of organic matter, and material niques for stabilizing soil areas affecting
fabric structure. Samples are either taken structures such as silos, runways, and
from nature or are artificially compacted roads, aiid for controlling erosion on mili-
from natural mater N to a known porosi- tary bases. Understanding of the chemical
ty in either hydrostatic or uniaxial com- and mineralogical character of the interac-
paction machines specifically designed for tiozi between soil and various chemical
these studies. The selected samples are stabilization agents will enable their prop-
measured in a new triaxial testing ma- er choice and efficient use. Previous engi-
chine in which the confining pressure is neering efforts have neglected the under-
applied by a gas so that observed parame- standing of how the additive materials
ters can be measured as functions of con- interact with the parent soil minerals,
fining pressure with enough precision to ideally to provide a rigid, indispersible soil
determine their derivatives with respect to mass with high load-bearing strength an
pressure. The confining environment can resistance to weathering.

, vary from 0 through 12 kilobars pressure An in-house laboratory study was begun
and from room temperatue to 1000 de- during 1971. It employs scanning electron
grees C. Stress-strain curves are measured microscopy, X-ray diffraction, petrograph-
through a strain rate range of 10-2 to 10-8 ic, and standard chemical techniques to
per second, while internal pore pressure determine the nature, process, and mecha-
can vary from zero through 100 percent of nisms by which soil clay minerals are sta-
the confining pressure biliz7/,d. Many of the physical properties of
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clays are determined by surface changes served as a basis for optimum prediction
on the clay particles and their ionic bond- operators. These operators, in turn, were
ing. Mixtures of pure clay mineral samples used to separate regional and facility mo-
typical of natural soil conditions in various tions, develop figure of merit for test
areas of the world are prepared for analy- stands, delineate intra-facility motion co-
sis of new compounds formed and evalua- hcrency and demonstrate gyro sensitivity
tion of optimum stabilization methods. to the motion environment. From these

two studies a new approach to earth noise
field problems in inertial component test-
ing was developed. The approach is to

GEOKINETICS describe the earth motions by determin-
ing: 1) the class of random motion, 2) the

The 1969 Ad Hoe. Committee of the USAF level of motion, 3) the mode of motion, and
Scientific Advisory Board recommended 4) the component relationships. This proce-
that with improving sensitivity of inertial dure is considered superior to accepted
guidance instruments the influence of gee "quiet site" and "motion suppression struc-
kinetic phenomena must be accounted ^.r. ture" techniques. Application of this tech-
This is predicated on studies discerning the nique resulted in a significant removal of
relations between these phenomena and motion induced error from SDF gyro data.
inertia! hardware performance. The gcoki- The new methodology was applied to
netic phenomena of concern to inertial facility design and inertial hardware test
guidance testing and operations are cate problems at the Air Force Frank J. Seiler
gorized as propagating and non-propagat- Research Laboratory, USAF Academy,
ing motions. Propagating motions include Colorado. The response to gro' .J motion
earth background noise and seismic events
while nonpropagating motions include lo-
cal and regional tilts, earth tides, polar -

wobble, earth rate irregularities, and pre-
cession. Employing data acquisition and ._
reduction techniques developed under pre- t tI .
vious geokinetic investigations, a program
was initiated to determine and define the
influence of environmental noise fields on -

inertial hardware test components and test 4
platforms. I

ENVIRONMENTAL MOTION: Two inertial
test facilities, at Honeywell Inc., St. Pc- ,
tersburg, Florida and Northrop Corp., 12 13 14

Norwood, Massachusetts were used to con- MAR 1972

duct an initial environmental motion
study. The program objectives were to Tilt measurements made in a missile silo.
characterize the test facilities' motion en- showing the effect of a vehicle (Transporter/
vironment in terms relevant to facility Erector) approaching the silo and the open-

ing of the closure door. 0, is the tilt toward
design and single-degree-of-freedom per- the north and 0, the tilt toward the west.
formance tests. Observations of regional The changes in the tilt were caused by (a)
and facility environmental motions were arrival of the Transporter/Erector at the

silo. (b) opening the blast door, and (c)
described as second order statistics that closing the blast door.
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and intralaboratory disturbances of a to determine the effect of the operational
unique pneumatic spring suspension test environment on the performance of exist-
platform were determined. The motion ing and planned systems, through their
measurements were combined to form un- influence on initial azimuth and zenith
ambiguous estimates of platform strain, estimates. The planned approach was to
rotation and linear acceleration. These mo- develop prediction operators based on in-
tion terms were then inserted into inertial depth studies of a few sites so that only
hardware performance models to establish sparse measurements would be needed at
their impact on testing. other locations. The program plan was

In these environmental noise investiga- submitted in the form of a technical sum-
tions, it became increasingly evident that mary to SAMSO.
gyro sensitivities were influenced to some Before a long term Minuteman silo
degree by seismic motions. With the coop- study could begin, the feasibility of em-
eration of the Air Force Space and Missile ploying the methods developed for test
Systems Organization (SAMSO), a joint facilities at a silo site had to be deter-
program with the Northrop Corporation mined, and problem areas in a long-term
was originated to determine long term geophysical study of the geokinetic factors
geophysical effects on gyrocompass test- that influence motion sensitive siloed sys-
ing. Major aspects of this program con- tems, defined. With the cooperation of the
cerned the degree of resolution with which Air Force Logistics Command, access was
the gyrocompass can measure small azi- provided for two weeks to a test Minute-
muth changes, the long-term accuracy of man silo site at Hill AFB, so that a short-
four-position gyrocompassing when all er- term precursory environmental motion
ror sources are accounted for, statistical study could be made.
attributes of the gyro, and the gyro as a The siloed missile environmental motion
geophysical tool. Important results to date study had four immediate objectives: De-
in this program demonstrate that the gyro termine the problems of conducting a long
is sufficiently sensitive to disturbances term, total motion geokinetic study, at a
caused by large, distant earthquakes so Minuteman missile site; determine how
that there is a loss in the precision of well the circuitry of the prospective data
gyrocompasses all over the world after a acquisition system are suited to measuring
magnitude 6 or greater earthquake located the ground motion characteristics at a
anywnere. Since the return period of Minuteman missile site; test the perform-
earthquakes of magnitude 6 or greater is ance of a prototype multiple-channel fil-
60 hours, the risk that an earthquake will ter/amplification/calibration system, and
affect test performance data depends identify site octupation-accessibility prob-
heavily on testing duration. lems, and instrumentation capability limi-

Because the results of the test facility tations.
studies were good, and because there was The field program was divided into threc
a need to account for geokinetic factors on identifiable areas of data acquisition. First,
the performance of inertial guidance sys- motion measurement data were needed to
tems, a recommendation was submitted to help determine appropriate instrumenta-
and approved by SAMSO for determining tion for the long-term study. Second, data
the total motion of a Minuteman silo. Not were needed for use in developing a thee-
only seismic-induced motions, but also long retical treatment of the silo-missile re-
term motions resulting from local and re- sponse. Third, data which could be used to
gional crustal instabilities were to be mon- identify ground-silo-missile transmisibili-
itored. The ultimate aim of this work was ty charcteristics to low-level inputs in-
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cluding silo response to loading and the tectonic processes and local crustal insta-
missile suspension response were needed. bilities. A program has been implemented

The study results were categorized by to develop techniques for assessing the
kind of motion, i.e., ground motion, both related motions caused by these mecha-
naturally and artificially induced, silo mo- nisms based on studies in selected regior
tion, missile motion, and site stability to of the upper portions of the earth's crust.
load. The conclusions reached were: that These studies also provide means for de-
existing techniques could be modified so termining subsurface geological and geo-
that no substantial problem areas would physical phenomena affecting crustal sta-
prevent application of present data acqui- bility. A three-element borehole tiltmeter
sition and reduction methods to a siloed array was installed to verify and extend
missile site; that the multiple sensor ap- interpretations obtained from preliminary
proach for broadband coverage is reasona- data. Thermal noise was identified and
ble; that all prototype front end circuitry suppressed followed by three months of
performed as designed; that site motion virtually uninterrupted data acquisition to
levels were substantially larger than those include local area loading tests. Data qual-
measured at inertial component test sites; ity exceeded expectations; the borehole
that silo cross-axial coupling terms are environment provided stability rivaling
significant, and that due to everyday site that of deep mines. Earth surface tilt inoperations, sparse data analysis techniques response to ocean tidal loading was rou-

need be employed in the long-term study. tinely measured and is of sufficient magni-
tude to affect the long-terim gyrocompass

CRUSTALSTABILITY: Advanced inertial experiment in Norwood, Massachusetts.
hardware performance sensitivities are Theoretical models were developed to pro-
not only affected by environmental seismic dict the majority of earth tide deflections
motions but they may also be influenced by at any site, given the characteristics of the

SITKA EARTHQUAKE
30 JULY 1972

TORQUER BANDPAS, M)7

TORQUER LOW I-ASS
L.PZ.

L.PN.

LPE.

21.53 22.13 22.33 22.53TIME (GMT)

The response of a GI-TI-B gyro to it magni-
tude 7+ distant earthquake. The three gyro
axes are labeled long period Z (vertical). N
(north), and S (.isst). The three-component
seilmomete- output is saturted for several
minutes after the disturbance. The top two
traces show the gyro output.
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ocean tides and the gross crustal structure. have in common the problem of distin-
These corrections are good to 10 percent. guishing a target from its background.
Soittions were obtained for the static Rather than accomplish this on an empiri..
loading problem while statistical verifica- cal basis, mea-urcients of both target and
tion was obtained for temperature fluctua- backg: ound radiative properties may be
tions and tilt noise, made to develop a predictive capability for

tbo success of target discrimii ation.
WEAPON SYSTEMS ENVIRONMENT: Once Research within the Terrestrial Sciences

the total geokinetic environment for P. Laboratory concerns itself with two as-
givei: region is described, the contribution pects of this problem: 1) measurement of
of the mntion effects on motion sensiive the magnitude and time dependence of
hardware performance can be assesed. background radiation, and 2) mommre..
Technologies can be developed ior surpres- ment of its wavelength dependence. Most
sing or compensatng for those motion measurements are in the thermal irfrared
effects which are degading. A program region of the spectrum, although visible
was launched to identify and isolate iner- and near infrared regions are utilized

tial hardware systems, components per- where appropriate for operational require-
formance errors caused by the motion en- ments.
vironment and to define and adapt proces-
sing schemes for minimizing the limiting CELESTIAL BACKOROUND: The infrard
effects of motion-induced errors. An Azi- background provided by stars, planets, and
muth Laying Set (ALS) used in advanced other celestial bodies is not well known. To
Minuteman systems for pre-launch missile define this background adequately, the Op-
azimuth control was installed on a pier in tical Physics Laboratory measures the in-
the AFCRL Haskell Observatory where frared background re.,ulting from stars,
geokinetic and ALS data were simulta- and the Terrestrial Sciences Laboratory
neously monitored. Evaluations were measures the infrared radiation from plan-
made of the GI-T1-B gyro sensitivities to et,3. A balloon-borne telescope system is
earth motion; the GI-T1-B gyro is the employed to make these observations. At
inertial component presently employed in the balloon float altitude of more than
the Minuteman ALS systems. A frequency 100,000 feet, 1ifrared radiation from plan-
model for the GI-T1-B single-degree-of- ets is almost completely unattenuated by
freedom rate integrating gyro was de- atmospheric absorption.
rived. The transfer functions relating the An absolute measurement of the infra-
gyro output angle to case motions were red irradiance from Mars was the first
plotted for the GI-TI-B gyro and a "nomi- objective of this program. Mars is an im-
nal" gyro. It was evident that the GI-T1-B portant target, not only because it is a
gyro had a higher gain at most frequencies relatively strong radiation source, but also
for case motions than "nominal" gyros; the because it can be used as a standard cali-
conclusion is that the GI-T1-B gyro is more bration reference. In April 1971, the irra-
sensitive to seismic motions acting on the diance of Mars was measured, with a 24-
gyro case. Hence, the GI-T1-B gyro repre- inch aperture telescope, using a new obser-
sents an instrument which is well suited vational technique, to improve the statisti-
for the investigation of geokinetic effects cal confidence level of the result by an
on inertial guidance instruments, order of magnitude over the previous

measurements.
"1 BACKGROUND RADIANCE: Survei ,arce A similar observation of Venus in Janu-

and reconraaissance activities of all sorts ary 1972 was the second program objec-
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tive, this tirme using a 50-inch aperture shape and mass distribution of the earth.
telescope carried by a high altitude balloon Improvements ini these data are inputs for
systehi--the largest balloon-borne tele- missile guidance systems, directly improv-
scope employed at that time. These abso- ing their accuracy.
lute irradiance level observations will be AFCRL is continuing its participation in
followed by measurements of the wave- the National Geodetic Satellite Program,
length, dependence of these strong back- with NASA, Army, Navy, and other
ground sourcem. USAF agencies and civilian observatories.

In the current phase, the Earth Physics
WTRESTRIAL PACK6aQUND: Any effort to Satellite Observing Campaign (EPSOC),

utilize the spectral signature of a target to goedetie laser systems deployed all over
enhance its contrast with the background, the world cooperate in obaerving several
and thus tW improve target discrimination, reflecting satellites. AFCRL is participat-
must take into account the spectral signa- ing in this program with lasers and geodet-
tures of common background material in ic stellar qyieras.
order to avoid false target confusion. The
TerreAtrial Sciences Laboratory studies COMPUT SOFTWARE: The Short Arc
the spectral signatures of common back- Geodetic Adjustment (SAGA) Program
ground materials, such as rocks and soils, has become the most popular advanced
using laboratory spectroreters that cover data reduction program in the satellite
the spectral range from the visible geodesy community. Developed originally
through the thermal infrared. AFCRL to accept any combination of electronic
shares this background radiance informa- and optical observations as inputs, the pro-
tion with a number of Air Force laborto- gram hs been modified extensively to
ries which work together to develop new expand its program options and capabili-
and improved reconnaissance techniques ties. Extraction of coding routines and
which use spectral signature information, options used for optical data reduction

During the reporting period visible and resulted in a much more compact program
near infrared spectral signatures of a con- requiring less computer core.
plete array of minerals and rocks were The investiga ion into modeling of trop-
determined, and a study of different soils ospharic refraction h-s been completed,
was begun. At the same time, mid infrar.md During this reporting period, ray tracing
emission propl ties of rocks and soils were through sample atmospheres !hwi shown
measured as a function of such variables that a model for tropospheric scale hcight

j as particle size, packing, and thermal re- developed by Hopfield of the Applied
gime. It was found that there are optimum Physics Laboratory yields results far supe-
coinditions which will provide maximum rior to those obtained from the model
spectral information detectable from such originally employed in SAGA. As a result,
materials, to increase the contrast between the decision was made to inwrporate Hop-
background and target. field's model for scale heigh: into the

SAGA program. Because of these mnvi-
.ions, the adjustUas refraction =efficierits
can be subjected to one 3ig:a, a praon

GEO&*Y AND GRAVTY constraints that are at leasL five tlimm
smaller than those preViousiy used (i.e.,

AFCRL's research program in geodesy and 0.( meter instewl of 0.20 meter).
gravity is directed toward the continuing Te SAGA program trats -the earth
improvement ot knowledge of the size, fix( 3 minute vetoer as observations and
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perfarms a least squares adjustment to added cycle count errors and random noise
-Peover position cnd velocity at a designat- were removed and the adjustment re-
ed epo6. The exercise of moderately accu- turned to the original perfect measure-
rate a priovri orbit&) constraints (when ments.

P-availablpi eon materially strengthen the
recovery of the peripheral stations. AUTOMATED ASTRONOMIC POSITIONING

SYSTEM: AFCRL, for several years, has
AIRAFY FOSMTONiNG BY f-OWINUOUS- been studying the possibility of automat-

LY INV-zGRATING DQOMER (CID): Simula- ing astronomic position surveys, Current
tions were performed to-check the validity methods of astro observation use a moving

1of CI OD anp~c o'dtriigar wire system to track a star. This method
craft psitioiis prucisely. The. asumptions relies heavily on the judgment of the oh-
of the test were ;rfluenced by AFCRL's server. Studies have concentrated on in-
peevious stitdies and experience with Gee- struments which would automatically re-
ceiver daka reductions. The error propaga- cord the time of a stellar transit across a
tion of the siteulationa indicates that when
P_ well -desigped, highly, redundant trackingCOE
configuration of Geoceivers of known loca-
tion is exercised over a wide swveep of
geometry, accuracies on the order of 0.3
meter (I sigmna) can b e expected for the LEVEL SEO D

recovery of that portion of the trajectory MRO

io intercepted by the boundary of the track-
ing configuration.LE 

LPRM 
Y

GEOCEIVER TEST RESULTS: Combinations MIRROR

of Geoceiver passes were employed in a 1ERA
short arc geodetic adjustment for the re- BERN BAL%

covery of 15 observing stations. The re-
sults (if this adjustment show a mean CCL

standard error of approximatIY 1 to 1.5 PMTR -
meters, and corrections to Cape Canaveral

DtmSurvey coriae fabout 1 to
m. ieters.

A-a editing algorithmn foLuoaically
detecting amid removing whole cycle count
errors waB developed and auccessfully test-- -

.ed in the SAGA program with simulated
a-id actual Gcoceiver data, To test the
vnlidity of the editing scheme a network of
six -,tatiomas observing one of the Navy Th uoae srnmcPstoigSys-

tern kAAPS). With the cover removed, lignNavigation Satellites was simulated. The striking the diverging prenar mirror is
am~pling time interval between successive then focused by the secondary mirror on slit3
data points was assumed to be .30 seconds, in the rctk~r to generate the signals in the

photoniultiplier tube (PMT). 'Ahe concentricAt each station cycle count vrrors were mirror system eliminates all but radial dis-
added c'r subtracted from perfect measure- tortion. The position of the system is rc-
raents. lRend~orm noise wvas tlien also inciud- versed every hall hour to eliminate many

-~ ~ed.Afte exrciing he ditng shem II possible systematic errorm in the mcataure
e d . f t e e x e c i s n g h e e it i g s c e m e al l m e n t .
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wire or slit Preliminary work was con- TIME SYNChRON ZATION SYSTEM:
ducted'utilizing a modified WildT4'theod- AFCRL has been active in a cooperative
elite. From these early efforts sufficient program with the National Bureau of
confidence was gained to conduct a design Standards (NBS) in a series of passive
study. The design selected is a vertically time and time interval dissemination ex-
oriented optical system. the optics consist periments. These experiments will enable
of a concentric all-mirror system, which geodetic field teams and other users in
provides inherent freedom from astigma- remote areas of the world to acquire a
tism, coma, and distortion. The curved usable signal for time interval reference.
focal surface is the reticle. Stellar transits NBS in Boulder, Colorado, transmits the
crossing the slits in the reticle are recorded time signals to the ATS-III satellite where
by photo-multipliers. The signal from the they are relayed to earth receiving sys-
photomultipliers is then filtered and the tems. AFCRL receives the signals in a
time of the centroid of the pulse is deter- special system located at Hanscom Field,
mined. The time of transit provides con- Bedford, Mass., which is tied to a cesium
str;ints at the time of transit between frequency standard. The time signals are
sensor latitude, longitude and star posi- broadcast in a format similar to the pres-
tion. The time of transit information is ent WWV time broadcasts. The limitation
then processed by a small on site fourth to a system of this type is the ability to
generation miniature computer which
computes the site astronomic latitude and
longitude during the observing period.. -, '"',

The Automated Astronomic Positioning
System (AAPS) is an instrument that will .
provide astronomic positions in real time. ' dowsywwn

It will operate under extreme temperature
conditions (-35 degrees G to +48 degrees I. LOC" PuIw um" bdot

C) and over the latitude range of +70 1 UL.1- ren e r.Wt

degrees (N) to - 70 degrees (S), Observa- I MIr:imiitr to Wte

tions for one astronomic position are ac- M,.l,,I re ' n r

complished in two hours. During this inter- MA -"i , ni
val the computer controls all operations .- Um n/rr WA iSt.

pertaining to the AAPS. The operator will
be able to manually override the system if
necessary.

The high initial cost of the AAPS will be
more than offset by savings in field person- Time sign3ta bro--dcast from Boulder, Colo-
nel assignments and the time required at rdo to a geotationary satellite are relayedato at receiver in Bedford, Massachusetts. Aeach site to acquire an astronomic position. cesium clock t.ecks the time difference be-
The AAPS on one clea night will be tween remow and master clocks, and thecapable of providing four astronomin oosi- known del.y as the received pulse goes

through the circuitry on the satellite and
tions versus current instrumentation then in the receiving station can be removed
which requires a minimum of two clear to calculate the propagation delay. This
nighrs to acquire a singla astronomic posi- knewledge could be used to check the accu-

racy of a slide rule type calculation of the
tion. AFCRb is currently constructing two prosagation delay. The position of the satel-
prototype systems which will be thorough- lite is also broadcast, so the user has every-
Iy tested and evaluated, thing needed to achieve almost real-timey t synchronizaoion with 10-100 microsecond av-

curay.

'a
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compute accurate propagat;on delays to ing 15 ranging lasers and 49 camera sys-
the satellite and from the satellite to the tems located throughout the world. The
user. This was a task for a large computer. system is presently being used in the
Resultant long delays were intolerable to Earth Physics Satellite Observing Cam-
successful remote field site operations. The paign (EPSOC), a cooperative program
NBS developed a slide rule to compute the concentrating on near simultaneous obser-
propagation delay, given the position of vations.
the satellite during the time of the broad- This laser system also incorporates a
cast. The satellite position is computed by high energy normal mode laser for photog-
NBS and broadcast along with the time raphy of the satellite-reflected pulses
information. Accuracies in the 10-100 psec- against stellar backgrounds for precise an-
ond region are currently predicted for the gular data. In preparation for these exper-
system. This system has the advantage of iments investigations are being made with
achieving almost real-time synchroniza- different film emulsions, using two USAF
tion. PC-1000 geodetic stellar cameras.

Pre-fogging and other hypersensitiza-
SATELLITE GEODESY: AFCRL his been ac- tion experiments are being conducted

tive in satellite geodesy since 1962, using toward extending system capability with
active satellite beacons and since 1964, various '.ypes of passive and active satel-
using passive or reflective satellites. Re- lites.
cent work on passive satellite experimen- A 12-inch reflecting telescope with a
tation uses ground-based lasers as the ac- photomultiplier is also being employed in
tive elements. Equipment development these studies as a means of monitoring the
has advanced from hand-operated pointing time and output characteristics of active
mechanisms, with large beam angles to satellite beacons.
compensate for inaccuracies, to the pres- The entire experiment with the AFCRL
ent high precision tape controlled pointing geodetic laser system is directed toward
mount and auxiliary electronic controls the development of a satellite observing
with great flexibility for various observing device having the capability to produce
situations depending on conditions for the angular observations along with real time,
particular mode of operation and for other precise, instantaneous ranging measure-
relevant experimentation. ments of the same satellite for the ex-

The AFCRL geodetic laser system, still treme precision in geodetic information
in the experimental stage, is capable of required by USAF for improved missile
generating ten ranging pulses in a single guidance.
pumping period of 500 microseconds for
obtaining 10 independent range measure- LUNAR LASER RANGING: The lunar laser
ments for each stimulation period. This ranging system is a potential "centimeter
multipulse system has been used to ob- system" for geodesy. To extract geodeti.
serve the change in satellite range in a 500 cally significant data from this system, one
microsecond time period as well as measur- must consider and parameterize many ge-
ing satellite ranges with a precision of 2 ophysical and astronomical effects. These
parts in 107. include the motion of the earth's pole of

In 1971 this 3ystem was used in the data rotation, the variation in the length of the
acquisition phase of the International Sat- day, secular motions of the earth's crust,
ellite Geodesy Experiment ([SAGEX), a atmospheric refraction, earth and moon
cooperative experiment in geodesy involv- tidal deformation and dissipation, the orbit



2S4

of the moon about the earth, the rotation setts, combined the latest MIT numerical
of the moon about its center of mass and ephemeris of the moon frmPEP and the
the coordinates, on the earth, of the ob- AFCRL analytic Physical Ephemeris of
servatory station and, on the moon, of the Moon (PEM). Offset guidance for the
laser retroreflectors. AFCRL and SAO experiments are derived

A computer program, called the Plane- from PEM. AFCRL's PEM is also being
tary Ephemeris Program (PEP), which used in interpreting lunar laser ranges
was originally written at the MIT Lincoln from the McDonald Observatory, in Texas,
Laboratory serves as the basic element of and has found a number of other applica-
"software" for providing predictions and tions in the U.S. space program.
interpreting observations in the AFCRL The analytic theory of the physical libra-
lunar laser experiment. The purpose of tions of the moon has undergone extensive
PEP is to improve planetary and lunar investigation at AFCRL. In its present
ephemerides using measurements from ra- development the theory considers the fol-
dar, laser, spacecraft telecommunications lowing aspects: 1) the effects of the earth,
and conventional ground-based optical ob- sun and planets, 2) the moon's dynamical
servations. PEP numerically integrates figure through the third degree spherical
the differential equations of motion to de- harmonics, 3) elasticity of the moon; 4)
termine as functions of time the positions anelasticity of the moon, 5) nonlinear ef-
and velocities of the planets, of the earth- fects, and 6) secular transitions. Along this
moon barycenter and of the moon, and it line, it was shown, recently, that lunar
integrates a set of variational equations to laser range measurements will be sensitive
determine the partial derivatives of these to the specific dissipation function of the
positions and velocities with respect to moon for a physical libration term whose
initial conditions, masses and other param- period is three years, that is, the Q of the
eters. The model for the moon's motion moon is a significant parameter in the
contains a parametric representation of integration of its equations of motion and
general relativistic effects and of earth- it may be derivable (for one frequency)
moon tidal interactions. The effects of the from lunar laser observations.
planets and of the low order harmonics of
the earth's and moon's gravitational po- AFCRL LUNAR LASER OBSERVATORY: The
tential are also included. The integrated observatory was formed in July 1968 at
ephemeris (including the partial deriva- the University of Arizona in Tucson. Lun-
tires which are used to set up the normal ar laser observations were made at two
equations) is used in turn to incorporate all AFCRL sites located in the Catalina
available observations in a least squares Mountains north of Tucson. The experi-
solution for all parameters; then the re- ment began at the first site with a laser
fined parameters are used to regenerate an telescope having a 150cm aperture, nar-
improved ephemeris. row field iretal primary mirror. Thousands

With AFCRL support, PEP has been of ruby laser pulses were fired at the
integrated and fitted to 17,000 recent ra- Apollo 11 retroreflector array from this
dar and Surveyor spacecraft Doppler oh- site with occasional returns. It was found
servations and 78,000 optical observations that the metal primary mirror was inade-
extending as far back as 1750. Lunar Laser quate for reliable earth-moon laser range
range gating predictions for the AFCRL measurements. Operations at the first site
experiment near Tucson, Arizona, and the were terminated in April 1971.
Smithsonian Astrophysical Observatory Observatory activities were re-directed
(SAO) experiment in Harvard, Massachu- to make extensive instrumentation modifi-
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U. SILICONE RUBBERi CER-VIT- BOND (0.05 THK)

304L I 2. . .
STAINLESS

38.1
5 79.4 1

152.4

AFCRL 152 cm f12.5 MIRROR

This 152-cm diameter mirror is the key com-
ponent of the largest astronomic quality
center mount glass reflecting telescope. The
combination of rear tapering of the Cer-Vit
mirror and stainless steel support were de-
signed by an AFCRL scientist. The beam
splitter in the center of the telescope has a
maximum reflectivity at 6943 angstroms.

cations for the improvement of system selecting a 2 to 7 nsee portion of the
performance. The most important change oscillator pulse with a spark gap triggered
was in the telescope; its frame was extend- Pockels cell. The energy was maintained at
ed and a novel Cer-Vit-steel composite 3 to 10 joules by increasing the number of
mirror replaced the metal primary. The laser amplifiers to four. A tunable etalon
152-cm f/2.5 hyperbolic primary was com- filter was added to the receiver and a -'eal
bined with a new 41-cm Cer-Vit secondary time computer was included to calculate
to form an f/8.0 Cassegrain optical system. range residuals.
This resulted in a general purpose, moder- At the same time as the equipment was
ate aperture telescope, having 93 percent being modified, the observatory was
of the. )llected energy from a point source moved to the second Catalina site, atop Mt.
contai 'ed within a 0.7 arc-second blur Lemmon, where potential observing time
image. was doubled. The move was completed

With the broadening of the telescope's during February 1972. The period March
low distortion field to about one lunar 1972 - June 1972 was designated as a test
diameter, it became feasible to guide and evaluation phase for the modified sys-
through the mainfield so the tracker was tem. System performance was successfully
moved to the Cassegrain focus from the demonstrated using the Apollo 15 target.
offset telescope on the declination cube. After a series of successful rangingThe heavy transmitter and receiver optical tests, particularly with the Apollo 15 re-
benches were moved from the Cassegrain flectors on May 22 and 26, 1972, the observ-
focus to a separate box on top of the atory was closed on June 30, 1972.
declination cube; the improved weight dis-
tribution diminished problems of flexural PHYSICAL GEODESY: During the report-
distortion. ing period significant advancements were

The ruby laser pulse was shortened by accomplished in theoretical and applied
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studies in the area of physical geodesy. measurements. A new method is required
Increased requirements for more accurate for the combination and processing of

K and detailed geopotential data and geodet- these various types of data. Moritz derived
ic parameters dependent on gravity gave from Krarup's general least squares meth-
impetus to the development of new ap- od the so called "least squares collocation
proaches for better solutions of some clas- theory"--an application of least squares
sical problems and inspired new theories estimation of stochastic processes which
and practical methods. permits rigorous combination of heteroge-

The Nonlinear Solution for the Bounda- neous data, taking into consideration ran-
ry Value Problem of Physical Geodesy is dom and systematic errors of the combined
one example of a significant recent measurements. This method can be applied
achievement. The clasical determination to current practical problems and will have
of the figure of the earth and of its exter- far reaching effects in all future geodetic
nal gravity potential is a boundary value computations.
problem of potential theory. The classical
solution to the problem offered by Mole- GRAVITY MEASUREMENTS: In 1968 and
densky et al consists of integrodifferential 1969 eight absolute gravity determinations
and integral equations which are extreme- were made with the Laser-Interferometric
ly difficult to handle in practical work. A Apparatus. These eight values have now
number of linear approximations were de- been incorporated into the International
rived by various authors for numerical Gravity Standardization Net 1971. These
work which systematically tieglected the eight were the last observations made with
second or higher order terms. Increasing this large apparatus. At present AFCRL
accuracy requirements of the Air Force, has contracted for design modifications to
especially in computatior.s oi the deflec- the laser-interferometric apparatuo. The
tions of the vertical, could no longer be modified laboratory instrument will be
satisfied by these solutions. A new solution greatly reduced in*size compared to the
in the form of a series has been developed, original apparatus. It will be more porta-
Investigation has proved its theoretical ble. The design criteria of the new instru-
equivalence to the original Molodensky so- ment are such that an accuracy of 0.01 mgl
lution but it has great advantages in sim- should be obtained. At present, various
plicity and computational convenience, basic dropping schemes have been de-

The determination of the figure of the signed and models are being constructed to
eurth and its external gravity potential as learn by experimentation which is the
a boundary value problem requires that most practical. This contractual effort will
gravity and other data are known at every be coupled with in-house work on both the
point of the earth's surface. Gravity is mechanical design of the instrument and
measured at discrete points or at most the electronics necessary for optimum uti-
along profiles only. Therefore, at other lization of the interferometer signal to
points it is determined by arbitrary inter- arrive at a design which has been optim-
polation or extrapolation procedures. ized for portability, economy, reliability
Gravity observations are also obtained and absolute precision.
from artificial satellite observations. It is The AFCRL airborne gravity program
expected that second and higher order has been completed and the findings pub-
gradients of the gravity will be measura- lished, but an in-house effort investigating
ble economieally over large areas in the new and improved aerial gravimeters has
future. The boutidary value problem will continued. AFCRL has been represented
not be practically applicable for these on all Tri-Service panels dealing with aer-
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ial gravity and aerial gravity systems and converted gravity meters are to be used at
has also been a major consultant on these field sites to complement long range iner-
projects. Further, AFCRL has been closely tial testing and to verify the reliability of
associated with the recent helicopter air- various instruments such as the cryogenic
borne gravity testing. gravimeter. The data from the AFCRL

A contractual effort to develop a earth-tide gravimeters will also be incor-
charged particle absolute gravity meter porated into the United States earth-tide
was terminated and the instrument deliv- network under the direction of Dr. Kuo of
ered to AFCRL. The instrument employs a Columbia University.
small charged sphere which is electrostati- Continued support of tne t ontractual
cally controlled to rise and fall in free effort toward development of a drift-free
motion between two levels wi,' se separa- cryogenic gravimeter has been accompa-
tion can be accurately determined. The nied by critical in-house examination of all
instrument did not attain its predicted work being done in the field of low drift,
accuracy and reproducibility, and further ultra-precise, relative gravimeters. Al-
inve&4igation by AFCRL scientists indicat- though in-house capability for performing
ed tLat several inherent problems preclude the research in this field is not available,
immediate hope that the method can be AFCRL is contributing significantly to the
used for gravity measurements with a research by providing critical, unbiased
precision of the order of 10- 7 g. These evaluation of the results and valuable in-
problems, which are the result of the diffi- dependent calibration of the instruments
culty of removing the effects of non-gray- with AFCRL portable tidal gravimeters.
ity forces from a small particle with very
high charge-to-mass and surface area-to- THE INTERNATIONAL GRAVITY STAND-
mass ratios, could conceivably be solved by ARDIZATION NET 1971: The International
future breakthroughs at which time the Gravity Standardization Net 1971 (IGSN
development of the instrument could be 71) was adopted by Resolution No. 11 of
continued. Because of the small size of the the XVth General Assembly of the Inter-
instrument and its ability to acquire data national Association of Geodesy (IAG),
very rapidly, such hope, however specula- held in August 1971 in Moscow. The IGSN
tive, should not be surrendered. 71 replaced the previous gravity reference

A LaCoste and Romberg Earth-Tide system called the "Potsdam datum" adopt-
gravimeter is in continuous operation in ed in 1909. The new system was developed
the seismic-gravity observatory. This in- between 1962 and 1971 by the cooperation
strument records the variations of the ver- of an international group organized within
tical component of gravity to an accuracy Study Group No. 5 of IAG. AFCRL was a
of one microgal. AFCRL has converted one major participant in the activities of this
and is presently converting i second large group, participating in the field measure-
geodetic LaCoste and Romberg gravime- ment program and supporting other
ter with a capacitance pickoff of the beam groups in their field activities. Nine of the
position enabling the use of these gravime- 11 absolute determinations of the acceler-
ters for the measurement of earth-tides. ation of gravity at key stations of the
The first of these instruments is undergo- netvork were accomplished by AFCRL
ing long range testing and calibration in with the Hammond-Faller transportable
the AFCRL seismic-gravity observatory, apparatus. For the purpose of analysis,
The data obtained from the earth-tide selection and final adjustment of daia, in
gravimeters will provide input data for 1967 a smaller group was formed in a
various geodetic and inertial tests. The meeting held at AFCRL. This group deter-
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mined mathematical models, scale factor angular rate exactly one half of the tor-
treatment, observation weights and sta- sional resenant frequency, the differential
tion selection criteria. Under their direc- torque betwe,.n the sensor arms will de-
tion, an adjustment was performed that fleet one quadrupole with respect to the
resulted in consistent gravity values for other. This angular resonant deflection is
the 1872 stations which were finally incor- transduced into an elctrical signal. The
porated into the IGSN 71. The completion accelerations due to the motion of the
of this network was a long sought goal of sensor and other disturbing forces do not
gravimetric geodesists and provides a cause a differential torque or they occur at
modern world-wide framework upon other' than the resonant frequency.
which to base gravimetric surveys and In 1968 the gradiometer design theory
studies. was experimentally verified by the

achievement of 1 EU at an integration
GRADIOMETRY: If the gradients of the time of 10 sec utilizing a soft mounted

geopotential can be measired from a mov- experimental sensor. The subsequent ef-
ing platform with sufficient accuracy, a fort was the developme,;. of a sensing
powerful tool for the solution of a number element mounted on an air bearing so that
of problems involving gravity is available, it could be aligned in any direction. The
The gravity gradient is the rate of change overall conclusion of this effort completed
of the gravity acceleration; mathematical- in November 1970 was that a hard bearing
ly it is the second derivative of the poten- gradiometer for the measurement of gra-
tial. The unit of the gravity gradient is the dients in any direction with an accuracy of
Eotvos unit (EU) one EU = 10- 9 sec - 2. 1 EU i; feasible and practical.

Measurement of the horizontal compo- Afti.r the evaluation of the results ob-
nents of the gravity gradient in a static taine( by the two aforementioned efforts
mode was accomplished 80 years ago using and the approaches proposed by other in-
the curvature variometer and the torsion vestigators, a contract was awarded for
balance of Eotvos. Much later, fused the design, fabrication and laboratory test-
quartz microbalances were developed for ing of a prototype hardmounted gradiom-
the static measurement of the vertical eter. The contract is funded by the Ad-
gradient. Currently, several programs are vanced Research Projects Agency of the
in progress for the development of a mov- Defense Department and directed by
ing base gradiometer. The critical problem AFCRL. Within two years this effort will
in the measurement of gravity gradients produce a prototype sensor that can be
from a moving base is tv separation of used for moving base test measurements
gravity gradients fron iertial effects and, in turn, as the sensing element for a
caused by angular acceleration of the number e .-plications. The development
frame. of the p, . ype is scheduled to be com-

pleted and ready for airborne or shipboard
INSTRUMENT DEVELOPMENT: Moving base testing by January 1974.

gradioineter designs have been proposed
by xveral investigators. AFCRL investi- APPLICATIONS: When the basic sensor
gated the feasibility and supported con- has been developed and tested the same
tractually the development of a torsionally instrument can be used in a wide variety
resonant rotating sensor consisting of two of terrestrial and space applications. These
rigid mass quadrupoles oriented perpen- applications include: aerial, marine, and

* dicularly to each other and connected at satellite gravimetry; improvement of iner-
the center with a torsionally flexible tial navigation (aircraft, ship, submarine)
spring. When the sensor is rotated at an and long-term inertial guidance; mass de-

I,.



il 239

tection for inspection and evaluation of Timing and Geodesy
containers, satellites, and oasite missiles; Pro of the IEEE (May 1972)
lunar and planetary potential r.easure- Oprational Tests of the AFCRL 152 Cr4

ments and asteroid mass determinations. Appl. Opt, Vol. 11, No. 7 (July 1972)
During the reporting period the Terres-

trial Sciences Laboratory initiated both in- CAR'ra, W. E., ECxHARrT, D. H., and RonNSoN, W.

house and contractual efforts to study Gp- A. n
fl- P AFCRL Lunar Jawe Instrumentation

plications in the two most relevant catego- status Report
ries for Air Force and DOD requirements. Po of the 14th Plenary Meeting of COSPAR
In the first category the geodetic and geo- (June 1971)
physical applications are studied. Gravity CItoN, j. F.
gradients measured by marine airborne Recent Volcanism and the Stratosphere
and satellite-mounted instruments have Sci., Vol. 172. No. 3985 (21 May 1971)
the potential to determine quantities such
as deflections of the vertical and geopoten- CROWLY, F. A., and OSIG, H. A.
: tial surfaces. Required measurement accu- An Analysie of the Vibration Enironent

Ss s Rwith Application to Single.Degree-of
racies and techniques for combination of Fredm Goscop. Peformn Tet
gradiometer data with other terrestrial, Collection of Tech. Pap. on Guid. and Cont. Tech.,

AIAA Guid., Cont., and Flight Mech. Conf. AIAAaerial and satellite measurements will be Z91 (Augut 970)
established by this research.

A parallel but separate research effort DynwkD, J. P.
was initiated to assess the impact of appli- Radiation Effects on Silicats (5-Kev Jr,
cation of gradiometer techniques to iner- D, feh, N )
tial navigation systems. Inertial naviga-
tion system (INS) errors due to geopoten- ECiArDT, D. H., and DirETt, K. (Dabovich & Co.,
tial deficiencies and the achievable im- Lexington, Mas.)

provements by gradient data are studied A Nonlivear Analysis of the Moon's
Ph,'sical Liration in Lngitu&in this research, Current operational sys- The Moun, An Intl. J. of Lunar Stud., Vol. 2, No. 3

tems, state of the art and future techno- (February 1971)
logically feasible systems are being consid-
ered. Vehicles including surface, subsonic HADiGEORGE, G.
jet a p c iImprovetent of the GEOS I Northjet and supersonic velocit characteristics American Track ng Networc from Multiple
are included. Short Arc Geodetic Adjitments

Proc. of the GEOS-2 Prog. Rev. Mtg., 22-24 June
1970, Vol. 1, NASA Pub. (November 1970)

qAMUOND, J. A., and FALLmn, J. E. (Wesleyan Univ.,
JOURNAL ARTICLES Middletown, Conn.)
JULY 1970-JUNE 1972 Revudts of Abeolutc Gravity Determinations

at a Numlcr of Djererd Sites
BLiAmPs, E. E. J. of Geophys. Re, Vol. 76, No. 32 (10 November
A Description of the Earthquake Source 1971)
Mechanism
J. of Gcophys. le ., Vol. 76, No. 26 (10 September HAsKF.LL, N. A., and THOMSON, 7. C.
1971) Eastodynamic Near Field of a Finite

Propzgating Tensile Faidt
CAniTBE, W. E. Bull. of the Seismol. Soc. of Am., Vol 62, No.3

An ELectr-optical Lunar Laseer Offset Tracker (June 192)
IEEE Proc. of the Tech. Prog., Electro-Opt. Sys.
Des. Conf. (June 1971) Ilurr, M. S.
Genter-Mounted 152 Centimeter F/2, The AFCRL Lunar Laser Ranging
Lightweight, Cer-Vit Mirror Ezprirment in Arizona
AppL Opt., Vol. 11, No. 2 (February 1972) Sky and Teles., Vol. 43, No. 2 (February 1972)
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HUNTi G. R., and LoGAN, L. M. Lupo Dox. BoNo, G. (Ital. Geol. Survey, Rome, Italy)
An Image S ction Devicefor Use WILLuIs, R. S., and CwONw, J. F.
with a Telescope Photogeologic and Thermal Infrared
.1.ppl. Opt., Vol. 9, No. 12 (December 1970) Imagery Geologic Surveys in Italy in 1966
Convenient Technique for Calibration of Bollettino Del Servizio Geologico D'Itaia, Vol. 91, p.
Radiometers Used for low Energy 3-44 (1970)
Ikfrared Targets
AppI. Opt., Vol. 10 (December 1971) MANGHNANI, M. H., and Fisuaa, . S. (Argonne
Variation of Single Particle Mid-Infrared Nat]. Lab., Argonne, Il1)
Emission Speolclm with Particle S Efft qfAx4sl Ratio Changes on the Alastic
Appl. Opt., Vol. 11, No. 1 (January 1q72) Moduli and Gruneisen yfor Lower Symmetry

Crystals
HuNT, G. IL, and SAISBURY, J. W. J. of Appl. Phys., Vol. 41, No. 13 (December 1970)
Visible and Near Infrared Spectra of Minerals and
Rocks: L Silicate Minerals MouNEux, C. E.
Modern Geol., Vol. 1, No. 4 (November 1970) Aerial Phnetrometers for Soil Trafficability
Visible and Near-Infrared Spectra Determi;ution
of Minerals and Rocks: II. Carbonates Proc. of Conf. on Rapid Penetration of Terres.
Modern Geol., Vol. 2, No. 1 (February 1971) Mats., Coll. Station, Tex. (February 1972)

HU.NT, G. R., SALiSBURy, J. W., and LmHoF?, C. J., D P
Isr LT.
Visible and Near-Infrared Spectra of Pallmann Method for Mass Sampling of Soil,

Minerals and Rocks: III Oxides and Hydrozides Water, or Air Temperatures
Modern Geol.. Vol.2, No.3 (May 1971) Bull., Geol. Soc. of Am., Vol. 32 (October 1971)

VisiUe and Near-Infrared Spectra of
Minerals and Rocks: IV. Sulphides PiEUcE, A. D, Pony, J. W. (Mass. Inst. of Tech.)
and l'ulphates and IUYF, E. F.
Modern Geol., Vol. 3, No. 1 (November 1971) Variation ofNuclear Explcion Generated Acoustic-

Gratity Wave Forms with Burst leght and with

lury, R. L. Energy Yield
SAFCRL Lase Satellite Gezodesy and J. of Geophys. Res., Vol. 7., No. 21 (20 July 1971)

Future Plans
Proc. of the GEOS-2 Prog. Rev. Mtg., 22-24 June Ronnouz, W. G., WILUAMS, J. D. and Laws, T.
1970, Vol. 3, NASA Pub. (November 1970) (RCA, Lancaster, Va.)

Quantum Enhancement of the RCA 31000E
LDGAN, L M., Dr AL. Photomuutiplier
.fMierocrystals in Frozen Solution.: The Appl. Opt., Vol. 10, No. 11 (November 1971)
Luminescence Spectra of Pyrazine
J. of Mol. Spectros., Vol. 40 (171) Roomr, T. P., RItC R, R. E., and Ross, M. (USGS,
Role of Defects and Reabsorption in the Decay of Wash., D. C.)
Fluorescence of Anthracene from 2450" K Deformation 7wins in Hornblende
Mol. Cryst. and Liq. Cryst., Vol. 15 (1972) Sci., Vol. 169, No. 173 (10 July 1970)

LooAu, L bl. and HUNT, G. R. SALISBURY, J. W.
Infrared Emission Spectra: Enhancement Albedo of Lunar Soil
-of Diagnoti Features by the Lur.ar Icarus, Vol. 13, No. 3 (November 1970)
Environment
Sci., Vol. 169 (23 August 1970)
Emission Spectra of Partculate Silicates SAuSBURY, J. W., B& AL
Under Simulated Lunar Conditions Bibliograpy of Lunar and Planetary Research
J. of Geophys. Res., Vol. 75, No. 32 (November 1970) Icrus, Vol. 12, No. 2, Vol. 12, No. 3, Vol. 13, No. 1,

Vol. 13, No. 2 (1970)

LOGAH, L M., HuNT, G. R., BA3A~o S. It, and BiWiography of Lunar and Planetary Research -
SAlmSURY, J. IV. tcond Quarter of 1970
Mid-Infrared Emission Spectrum of Apo1 , h Icarus, Vol. 14, No. 2 (February 1971)
Significance for Comsitional Remote &nsing Bibliography of Lunar and Planetary Re~serch -
Book, Lun. Sci. Ill, Lun. Sd. Inst. Contribution #*88 Third Qwzrtr of 1970
(1972) Icarus, Vol. 14, No. 3 (June 1971)
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SALIsBuRY, J. W., and Hu.re G. it ZmNov, K. P., and DYBWAD, J. P.
S; Spectroscopic Remote Sensing of Water-Bearing Pressure of Light Used as Restoring Force On
.Minerals a Micrabalance
Geol. Problems in Lun, and Plan. Res. (Sci. and Vacuum Microbal. Techniques, Vol. 18 (1971)
Tech. Ser. Pub. by AAS), Vol. 25 (1971) Dynamic Ieadout of Weight Canges on an

UtramicnMalance System
SzAso, B. Prog. in Vacuum Microbal. Techniques, Vol. 1, T.
Dynamic Gradiometer (Principle, Status and Gast and E. Robens, Editors, Heyden & Sons, Ltd.,
Application) N. Y. (1972)
Bull d'Inf. of the Intl. Gray. Bur., No. 25 (March 1971)

SzABo, B., and AtmmoN, D.
Results of AFCRL's Ezperimental AeriaW
Gravity Measurements PAPERS PRESENTED AT MEETINGS
Bull. Geodesique, No. 100 (June 1971) JULY 1970-JUNE 1972

TERLEcKy, P. M., JL, CAP., and SPALvIs, K., A7mio, D.'C, RE'ICHtOWSKI, J. (AF Weap. Lab.,
Kirtland AFB, N. M.) Gradiometer Applietions and Status of
Project Brikpile: A Feasibility Study on the Geod. and Gray. Techn. Exch. Mtgs., Def. Intel.
Influence of Jointed Rock Materials Ongen GaTerhug M .19-23 Apri 1971)

plosion Produced Prater. Agency, Gaitherburg, Md. (19-2 April 1971)
AFWL Tech. Note DFTN-71-004 (September 1971) B)Ats~mo, S. IL, CA;,r., and SALisnnL J. W.

THousoN, K. C., and HAsKELL, N. A. Martian Surface Temperature and Frost
Elastodynamic Near Field of a Finite Propagating Depostion
Transverse Mar Fault AAS Mtg., Huntington Beach, Calif. (16 November
J. of Geophys. Res., Vol. 77, No. 14 (10 May 1972) 1970)

THOmsON, K. C., and ToKsoz, M. N. (Mass. Inst. of CABANIss, G. H.
Techn., Cambridge, Mass.), AmtmS, T. J. (Calif. Crustal Tiltfrom 'Three Borehole Tiltmeters
Inst. of Techn., Pasadena, Calif.) at Bedford, Mass.
Generation of Seismic Wa es by Ekplosions 53rd Ann. Mtg. of the Am. Geophys. Un.,
in Prestressed Media Wash., D. C. (17-21 April 1972)
Bull. of the Seismol. Soc. of Am. Vol. 61, No. 6
(December 191) CABANwSS, G. H., and Siton, I. (A. D. Little, Inc.,

BCambridge, Mass.), MCCONNELL, I. K., JR., (Earth
TuRN, B. B., CAP., and BICFORD, M. E. (Univ. of Sci. les., Inc., Cambridge, Mass.)
Kansas) Crustal Tilt in Coastal New Engiand from Borhde
Age and Probable Anatectic Origin of the Tiltmeters.
Brant Lake Gneiss, Southeastern Adirondack Nati. Fall Mtg. of the AGU, San Francisco, Calif.
Mountains, New York (7-10 December 1970)
Bull. of the Geol. Soc., of Am., Vol. . (August 1971)

CARTMR, W. E.
WILUAM, R. S., J., and FRIEnw4, J. D. (USGS, An Electro-Optical Lunar Laser Offset
Wash., D. C.) Tracker
Satellite Observation of EffhiOiv Volcanism Electro-Opt. Sys. Des. Conf., N. Y., N. Y. (January
Brit. Interplan. Soc. J., Vol. 23 (1970) 1971)
Charging Patterns of Thermal Emission
from Sursey, Iceland, Between li66 and 1969 CARTElR, W. I., ECrtAur, D. H., and
Geol. Sury. Res. 1970, USGS Prof. Paper 700.D (Fall ROBINSON, W. 0.
1970) AFCRL Lunar Les Instrumentation Status

Report
WILUAxS, I. S., JR., and OiA E, R. N. (USGS, 14th Ann. COSPAR Mtg., Seattle, Wash. (17 Juno-2
Wouods Hole, Mass.), FRIEDMAN, J. D. (USGS, Wash., July 1971)
D.C.)
Changes in Coastal Morphology q fMonamoy CRoNIN, J. F.
hland, Cape Cod, Maacwhusetts Recent Voicanims and tMe Stralosphere
Geol. Surv. Res. 1971, USGS Prof Paper 7-0-B Notl. Fall Mtg. of AGU, San Francisco, Calif. (7-10
(Summer 1971) December 1970)
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CoxtOh, J. F., and WILLIumS, P. S., JR. Infrared Spectra of Mars: Effects of Experimental
Volcanism and the Upper Atmnosphere Conditt40
Ann. Mtg. of the Geol. Soc. of Am., Milwaukee, Wis. Div. of Planet. Sci., Am. Astronom. Soc., Kailua-
(11-13 November 1970) Kona, Haw. (20-24 Marli 192)

CR OwL, F. A. ILIFF, R. L.
The Measurement of Small Motion by Earth Laser Sateliito Ranging for Geodesy
Bound Systems Intl. Symp. on SatW. and Terres. Triaagulation,
Talcott Mtn. Sci. Ctr. for Student Involvement, Inc., Graz, Aus. (29 May-2 June 1972)
Avon, Conn. (13 April 1972)

LooAN, L. M., HUT, G. M., BALsAMG, S. F-, CArT..
CROWLzY, F., GRAY, R., and Oss1N, H. A. and SALISBURY, J. W.
On Motion Error in Inertial Component Teats Mid-Infrared Zmission Spectrum of pol o Ij
AIAA Conf. on Guid., Cont. and FILMech., Hofstra Soil: Signifwcancefor Compoetiional Remote
Univ., L I., N. Y. (16-18 August 191) Sensing

'Tlrd Lun. Si. Cong., NASA Xanned S3pet. Ctr.,
COyLuy, F. A., and 0seo, H. A. Houston, Tex. (10-13 Jituuary 172)
Environmental ose Feid P-opertiers
ESZD/AFCRL Sci. & Eng. Mtg., L. G. Hanscom, Fld., MowNUx, C. R.
Mass. (3 November 1970) Aerial Penetrometerefor Sol Traffcability

Determindtion
Ecu ;Auvr, D. H. Conf. on Rapid Penetration of Terres. Matls., Texas
2'U Physical Librations qf We. Moon A&M Univ., Col. Station, Tex. (1-3 Febumary 1972)
NATO Adv. Study Inst. On Lun. Stud., Patras, Gr.
(14-25 September 1971) NE HAM, P. E., LT. CoL

The Formaion and EtauNation of Detailed
EcxpH.ARr, D. I., and 1urr, IL L Geopotential.Mdels Based on Point Mars
Laer Geodasy at AFCRL Fall Ann. Mtg. of the Am. Geophye. Un., San
Geod. and Grav. Tech. Exch. Mtga., Def. Intel. Francisco, Calif. (6-9 Deccmber 1971)
Agency, Gaithersburg, Md. (19-23 April 1971)

HAD GIG G, G. O'BRiEN, P. J.
Soil Temperatures: A PoFtehtial Key toResults from Simulations of Gontinuualy Shallow Aquifer Trannamissitily Distribution

Integra*ted Doppler for Precie Aircraft 52nd Ann. AGU Mtg., Wash., D. C. (12-16 April 1971)
Positioning
Geod. and Gray. Tech. Exeh. Mtgs., Def. Intel. Airborne Remote Stwr Study f CoastAl
Agency, GnithersburF, Md. (19-23 April 1971) Puerto Rican Hdroalic Phrnomena and

G e i i of Will Geoientists be Extinct by 1980!
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Intl. Symp. on Satel. and T-rtes. Triangulation,
Gra7, Aus. (29 May-2 June 1972) OsnG, t.A., and CbOmLar, F. A.
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HUNT, G. R, LOGAN, L. M., and SAusmuiy, J. W.
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and It, Application to Mars Inc., Needham, Mass,)
Ann. Mtg. of the Am. Astronom. Soc., Extended Range Coblor Film
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Spectroecop R mote Sensing of Lunar Surfae Thevretical Design Criteria for Passive
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NATO Lunar S6. Inst., Patras, Gr. (20-30 AIAA Conf. on luid., Cont. and Fit. Mech., Hofstra
September 1971) Univ., L, I., N. Y. (16-18 August 1971)

Sz.Bo, B. TunaR, B. B., CAm., and BicxouD, M. E. (Univ. of
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WILLIAM, 0. W.
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IX. Optical Physics Laboratory

The Optieni Physics Laboratory conducts
research on the sources, transmission, and
detection of optical and infrared radiation
and their interaction with the aerospace
environment. Field measurements, labora-
tory studies, theoretical studies, and anal-
yses are conducted to determine and un-
dertand the optical and infrared proper-
ties of sources and of the environment
including the atmosphere and celestial sky.
These determine how well the atmosphere
transmits radiant energy and also how
much energy the atmosphere radiates,
both under natural and perturbed condi-
tions.

Any optical or infrared detection or
weapon system that operates in or above
the atmosphere must look through the
atmosphere or look against a background
of either atmosphere or sky. Therefore, the
need exists to know the optical properties
of the atmosphere and other environments
and in what manner they will enhance or
limit the operation of these systems.

The Laboratory's effort on the sources of
optical/infrared radiation ranges from
measurements and studies of atmospheric
and stellar emission as welt as missile
plume radiation to research into the be-
havior and operation of lasers, including
gas and chemi'cal lasers.

The portion of the electromagnetic spec-
trum studied extends in wavelength from
about 2000 Angstroms in the ultraviolet to
1 millimeter where the far infrared blends
into the microwave radio spectrum.

Laboratory work is divided into studies
of: the visible or near visible properties of
the atmosphere, where aerosol and molec-
ular scattering is the predominant mecha-

2I
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The Optical Physics Laboratory conducts
research on the sources, transmission, and
detection of optical and infrared radiation
and their interaction with the aerospace
environment. Field measurements, labora-
tory studies, theoretical studies, and anal-
yses are conducted to determine and un-
derstand the optical and infrared proper-
ties of sources and of the environment
including the atmosphere and celestial sky.
These determine how well the atmosphere
transmits radiant energy and also how
much energy the atmosphere radiates,
both under natural and perturbed condi-
tions.

Any optical or infrared detection 'or
weapon system that operates in or above
the atmosphere must look through the
atmosphere or look against a background
of either atmosphere or sky. Therefore, the
need exists to know the optical properties
of the atmosphere and other environments
and in what manner they will enhance or

limit the operation of these systems.
The Laboratory's effort on the sources of

optical/infrared radiation ranges from
measurements and studies of atmospheric
and stellar emission as well as missile
plume radiation to research into the be-
havior and operation of iasers, including
gas and chemical lasers.

The portion of the electromagnetic spec-
trum studied extends in wavelength from
about )W0 Angstroms in the ultraviolet to
1 millimeter where the far infrared blends
into the microwave radio spectrum.

Laboratory work is divided into studies
of: the visible or near visible properties of
the atmosphere, where aerosol and molec-
ular scattering is the predominant mecha-
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nism of attenuation; the infrared proper- variations as well as the optical properties
ties of the lower atmosphere where ther- of these aerosols and the effect, of the
mal equilibrium usually prevails; the opti- underlying terrain, water surface or snow
cal and infrared properties of the upper cover. The results of these measurements
atmosphere (including aurorae and air- have been applied to several system prob-

glow) where individual molecular interac- lems.
tions must be considered; the infrared Similarly, the emission of the atmos-
properties of exoatmospheric sources- phere, insofar as it creates a disturbing or
stars, nebulae, cosmic dust; the physics of masking background against which a tar-
lasers; measurements of the radiation get must be located, is also a major con-
from man-made sources such as missile cern of the Laboratory efforts. Such emis-
plumes; and development of improved sions rmpresent interfering background
techniques for spectroscopic measure- noise superimposed on the optical/IR tar-
ments,. get signals that a surveillance system may

A major area of investigation by the be trying to detect. The emission of the
Laboratory concerns atmospheric attenua- lower atmosphere can be calculated from
tidn or transmission of radiation by the computer programs similar to those dis-
atmosphere, particularly for laser beams. cussed previously. However, the emission
Atmospheric molecules absorb optical and from the upper atmosphere (above about
infrared radiation selectively at discrete 70 kin) requires a much more detailed
wavelengths. One objective is to determine knowledge of the interactions and colli-
precisely how atmospheric transmission sions among the individual molecules,
varies with wavelength and for exampl ,, many of which will be in excited states
what wavelengths allow the maximi -n with excess energy, as well as how these
transmission of laser beams. To this eid, molecules then radiate-at what wave-
extensive computer programs have been length and how much radiation. In addi-
developed which make use of the vast tion, what happens to the upper atmos-
collection of spectroscopic data for mole- phere and thus its infrared emission when
cules and which permit the calculation of the atmosphere is disturbed by protons or
this transmission. Graphs and a computer electrons impinging on it, for example,
program have been published and distril- during an aurora or a nuclear burst, is also
uted widely for determining the low reso- being studied. Thus, there is a sizable lab-
lution (- 20 cm -1) transmission of the oratory and theoretical research program
atmosphere for any path through the at- being can ied out on the physics and chem-
mosphere for a wide range of meteorolog- istry of the atmosphere-in particular,
ical conditions. Similarly,'tables have been those molecular interactions which lead to
published for the atmospheric attenuation infrared emission--as well as an extensive
coefficients of various laser lines such as measurement program from the Laborato-
CO, HF and DF and CO2. ry's NKC-135 optical/infrared flying lab -

Scattering by aerosols and molecules in ratory, balloons and rockets. A computer
the atmosphere also contributes both to program (called OPTIR) is being deve-
attenuation and to reduction in the con- loped to predict and compute the optical
trast of a target seen through the atmos- and IR emission of the upper atmosphere,
phere. Extensive measurements from the particularly under disturbed conditions.
Laboratory's C-130 flying laboratory, hal- Such background emission, particularly
loons and rockets have been made to deter- during disturbed conditions, e.g. aurorae,
mine the geographic, seasonal and altitude could seriously impair the operation of a
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surveillance, tracking, or terminal guid- age to laser components, tunable lasers,
ance system. Also, the radiation profile of and non-linear optical devices.
the horizon determines the ultimate accu-
racy of horizon-sensing attitude control
system s on satellites. A M S H RC O TCThe measurement and study of atmos- ATOt R¢OI$

pheric transmission or emission also pro- Atmospheric Optics studies the light scat-
vides a method for remotely sensing at-

andtering and absorption properties of the

condition (including the effect or addition atmosphere to determine the effect of
of contaminants, for example, from highW WW-V W

altitude missileor jet engine exhausts),
A satellite or rocket-borne infrared sys-

tem looking away from the atmosphere ,1, -rRS_..__HM__ -
will still see the celestial sky as a back- -

ground. Consequently, the Laboratory has M - M
ES T

E ,w L Nmounted an extensive rocket program to s W r LAMM
survey the entire celestial sky-stars, gal-

axies, nebulae, etc.--in the infrared. Also, LENS \
measurements of missile plumes have been
obtained from rockets and aircraft. The
aircraft measurements have included some
of the most detailed spectroscopic data on
missile plumes ever obtained.

An inseparable part of these measure-
ments and studies is the development of
more sensitive infrared sensors and spec-
tral measuring instruments. Such a tech-

nique to which the Laboratory has contrib-
uted much is multiplex spectroscopy-which basically implies being able to ana-

lyze all wavelengths entering the spec-
trometer simultaneously. One form of -

multiplex spectroscopy-Fourier spectros-
copy-has been studied and utilized by the
laboratory with great success for several Y
years.

Since June 1970, in addition to the use of
the two flying laboratories discussed above "_ -_,___,__"
(an NKC-135 and a C-130A), instrumented ,
exclusively for research by the Optical -
Physics Laboratory, the Laboratory has " .
launched 12 rockets and used 28 instru- The optical assembly used in the aerosol
mented ballon flights in its programs, particle counter. The schematic above shows

AFCRL's laser research program which the location of various components within
the assembly, and the photograph below was.q centered in this laboratory, concentrates taken by a camera looking down at the

on chemical lasers, optically induced dam- assembly.
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these atmospheric optical properties on the transmission of light beams through the
performance of various Air Force systems atmosphere and the angular and spectral
and operational concepts. distribution of scattered light. Several so-

One of the primary objectives of the lutions have been found within the past
Atmospheric Optics research is to measure few years to the very difficult problem of
the distribution of light scattering and treating multiple scattering processes,
absorbing aerosol particles in the atmos- where light undergoes successive scatter-
phere from the ground, from aircraft, ing processes by several aerosol particles
from balloons and from rockets. These and air molecules. A method successfully
aerosol particles, ranging in size from clus- used by this Laboratory utilizes a statisti-
ters of molecules of less than one millionth cal approach: Light photons are followed
of a millimeter to giant dust particles a through the atmosphere at random
fraction of a millimeter in size, scatter through many individual scattering, ab-
incident light in various directions as well sorption and ground reflection processes.
as absorb some of the incident radiation. This method is particularly amenable to
These optical properties of small particles solutions using large high-speed comput-
depend on their number, size, chemical and ers. Several programs to compute the
physical composition, including refractive transmission and backscattering of pulses,
index, shape, and homogeneity. the contrast reduction by the atmosphere,

The origin of these particles is as varied and the radiance distribution of the twi-
as the properties of the particles them- light sky have been developed and used in
selves. Many of these particles originate the Laboratory.
from solid dust particles picked up from
the ground, seaspray over the oceans, or BALLOON-BORNE MEASUREMENTS: De-
particles ejected into the atmosphere from spite the great value of theoretical c'n-
man-made pollution sources. Otbers are cepts in analyzing the effects of various
formed in the atmosphere from gaseous parameters on practical problems, realistic
contaminants by photochemical or other model atmospheres are always required as
processes. The aerosol particles are trans- inputs if the results are to have any appli-
ported over large distances by airmass cability to real world conditions. Such in-
movements and are carried up into the put data can only be obtained from field
troposphere and stratosphere by convec- and laboratory experiments.
tive weather systems. In addition, it has Advancement in such diversified disci-
been proven that violent volcanic erup- plines as air pollution research, cloud phys-
tions can eject large quantities of volcanic ics, and atmospheric optics depends largely
dust into the stratosphere. Because of on the capability to measure the distribu-
their small size and weight these particles tion and composition of aerosol particles in
can remain suspended in the atmosphere the atmosphere. The number density and
for long periods of time before they fall the size distribution are the two most
out, are washed out, or are removed other- important parameters. One of the methods
wise. The difficulties involved in predicting used in determining these parameters is to
the optical properties of the atmosphere at measure the light scattered by these small
a given time and place become quite ap- particles. The principal advantage of this
parent from thes considerations. technique over other direct sampling in-

struments is that no mechanical contact
THEORETICAL STUDIES: Great progress has with the particle is required and therefore

A been achieved in the past in formulating the danger of changing the particles in the
theoretical concepts for calculating the measuring process is greatly reduced. The
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optical particle counting instruments sam-
pie the aerosol cloud with a very narrow
light beam. Each time a particle moves
through the light beam a pulse of scat-
tered light, can be detected. The intensity

?4q of the light pulse is related to the particle

-- 7 ,A' size and the refractive index of the par-
- ~ -tidle. This dependence on the refr, "ve

VOL index can cause considerable uncertainty
.O.T *...... in the size determination. The accuracy of

the size determination can, however, belzv ¢ . significantly improved if one measures the

scattered light intensity in two different,forward directions rather than one. For
wavelengths in the 0.6 micrometer spectral
region, particle size over a range from 0.1

04,p to 1 micrometer diameter can then be
W! measured with an accuracy of 1.1 percent

or better.
A balloon-borne instrument based on

this principle has been built and a success-
" ful flight has been conducted. This aerosol

S.--. counter used a helium-neon gas laser
(0.6328 micrometer wavelength) as a light
source. Two photometers at 10 degrees and
30 degrees with fields of view of 10 de-
grees measured the scattered light pulses
of approximately 250 microseconds dura-
tion. The pulses were recorded on board
the balloon gondola on magnetic tape. The
recorded data were reduced on the ground

, ,, by a computer program which counted theJ 4 "light pulses over predetermined amplitude
ranges and altitude intervals to derive the
size distribution of particles as a function
of altitude.

.A successful flight with this newly deve-
loped particle counter was conducted from
White Sands, New Mexico, in October
1970. Th balloon reached an altitude of
about 23 kilometers. The results from this
flight showed that the total number of

The balloon-borne nephelometer for measur- particulates over the size range from
ing light scattering as a function of angle about 0.2 to 1 micrometer decreased from
for various altitudes. The schematic shows
the arrangement of the light source and the ground level to about 11 kilometers alti-
photometers to detect the radiation at var- tude to a value of about 800 particles per
ious angles. The nephelometer is seen below liter of air. Between 18 and 22 km altitude
hanging from the crane which will launch it te ds arte en ran ire
on a balloon flight. the dust particle concentration increases
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again to a value about twice as high. This"2-mmxmm"a-enfudb ..

"20-km maximum" has been found by f- •0 5. CON, Vft$ ....,AM
• .. * eO044OMICROMElrERS (UMPO'LA-RIZED)

many other experimenters also and seems • .

to be worldwide. The particles follow in "
general a size distribution of the form V"' "".".-- ..

N - r-l (where N is the number of par-
ticles with radius r and the exponent var-
ies between about 3 and 5). These balloon "
flight results provide for the first time
direct measured size distribution of aero- L

sols at high altitudes.
Directly related to this balloon-borne

aerosol counter experiment is another bal- a 20 I D 24 28

loon experiment conducted by the Labora-
tory. A large polar nephelometer was con-
structed at AFCRL for the purpose ofmakng ighaltitude atmospheric light The value of the volume scattering function
making high a(fraction of the incident light scattered out
scattering measurements. The instrument of the beam in all directions) at 45 degrees
is balloon borne and measures the angular as a function of altitude for two wave-
volume scattering function with altitude lengths. Circles and crosses are measured

vr.lues for combined molecular plus aerool
in absolute quantities. This parameter is scattering obtained from the balloon nephe-
difficult to measure accurately for it repre- lometer. Solid lines are theoretical molecularsents the amount of light an irradiated RaeihsternvausThvaese-

resent the fraction of incident light that
volume element of air scatters in a partic- would be scattered per kilometer in each of
ular direction. Consequently, stringent re- the 4 v steradians if the scattering 45 de-

quirements are placed on the measure- grees from the beam were the value at everyquirmens e pacedon he easre- angle.
ment apparatus as to background light if
reliable results are to be obtained. The and five photometers, which view the pro-
angular distribution of the scattered light jected beam at 22, 45, 90, 135, and 157
as well as its wavelength and polarization degrees. The volume (approximately 250
depends on various properties of the air cms) defined by the intersection of the
molecules and aerosols contained in the source beam and detector field-of-view
volume element. These properties include contains the atmospheric sample, the scat-
molecular and aerosol number densities, tering properties of which are measured.
aerosol particle size distribution, refractive In particular, the intensity and polariza-
index, and particle shape. The nephelome- tion of the scattered light as a function of
ter detects the scattered light at five dif- wavelength are sensed as the balloon as-
ferent angles, for visible and near infrared cends and descends. These, in turn, provide
wavelengths. Moreover, it offers distinct a measure of the volume concentration
advantages over other techniques used in and size distribution of atmospheric aero-
atmospheric optics research in that the sols.
light transmission path is limited to ap- The initial flight with the equipment
proximately one meter; thus, difficulties was made in November 1970. The results
such as multiple scattering and path atten- show that the nephelometer is indeed a
uation of the beam are obviated. Further- sensitive instrument for studying optical
more, the unit is calibrated in absolute properties of the atmosphere, even though
intensities. its full capability was not realized due to

The instrument consists of a xenon light some equipment malfunctions. The experi-
source, operated in a modulated CW mode, mental payload went above 26 km and the
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data provided profiles of the volume scat- sensitive optical indicator for the presence

tering function versus altitude for three of nonmolecular particles in the atmos-
scattering angles and four wavelengths. In phere. Vertical profiles of atmospheric aer-
addition, polarization of the scattered in- oso) distribution can be developed by
tensity, as a function of altitude, was means of optical measurements looking
measured. Aerosol scattering in the tropo- close to the sun and taken at different
sphere and stratosphere was quite evident altitudes above ground level.
from the data although the ground visibil- A high altitude balloon flight program
ity was better than 30 km on the day of has been developed for this purpose. There
the flight. The tropospheric aerosol was are two major components in the flight
closely correlated with changes in temper- instrumnchation. A biaxial sun pointer c.
ature profile, the vertical transport of par- ents optical radiometers continuously to
ticles being inhibited by a weak inversion, the sun during the rise and float portions
Distinct dust layers in the stratosphere of the balloon trajectory. Two logarithmic
(between -17 and 26 kin; above tb tropo- amplifier radiometers which time-share a
pause at 18 kin) were identifiable. These common ojtical filter wheeO are mechani-
strata appeared in the nephelometer pro- cally set at fixed angles of 2 and 4 degrees
files as well as in photographs of the hort- from the solar vector. Spectral measure-
zon taken with time-lapse cameras mount- ments are made at 0.34, 0.38, 0.42, 0.46,
ed on top of the balloon gondola. 0.50, 0.54 and 0.60 micrometers.

For many practical problems it is not This system was flown at the AFCRL
only desirable to know the aerosol optical Balloon Flight Facility, Holloman AFB,
pr3perties of relatively small atmospheric New Mexico, most recently on August 3,
volumes as measured with the nephelome- 1971. The flight system rose to a float I
ter, but also the average integrated effect altitude of 40 kilometers. Spectral meas-
over long atmospheric paths, particularly urements of the near sun radiances were
in more or less horizontal directions, made continuously throughout the period.

The charac-teristic and pronounced for- The magnitudes of measured near solar
ward directional scattering by aerosols is a scattered sunlight are significantly greater

than found in a pure molecular atmos-
phere and, hence, demonstrate the x.sS-

ArORPTON - ence of aerosol scattering even at altitudesINlDX SOOT

DUST srof 30 km and above.

WATER SOLBLES AIRCRAFT PROGRAM: To collect the data
IA SA _ ---' base for deriving a working concept on

00 o, how the optical properties of the atmos-
WATEphere vary in space and time, an aircraft
VAPOR measurement program has been continued

0001 to measure various optical parameters as a
.W0 is, es function of altitude up to about 6 km in2l.0 R iMIAcTIVIE' .. '.

INDEX . . various geographical areas and seasons. A
_ SALT C-130A Hercules has been instrumented as

lo_ -__ . _1, .. a flying laboratory to measure aerosol par-
0 2 ' , " tice concentrations, scattering coefficients,

WAVELENGTHI MICRtOMETERS sky and terrain radiance and various otner

Absorption index n' and refractive Index n parameters related to the optical proper-
venus wavelength for various aerosol mate- ties of the atmosphere. This aircraft has
rite been used on extensive field trips during
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the time period 1970-171 to collect data in by multiple scattering of the light by aer-
the densely populated Central European osols and air molecules. Monte Carlo corn-
environment, around an isolated industrial puter calculations have provided some in-
city of the midwestern United States, over sight into the contribution of multiple
the Mediterranean Sea, over the North scattered light to the twilight sky radi-
African desert, over the desert regions of ance. The Monte Carlo calculations show
the southwestern United States, and over that multiple scattering contributes on the
the snow-covered regions of northern order of 50 percent of the total scattered
Michigan and upstate New York, and in intensity and that as many as seven or
the New England area. During these field, eight scattering processes must be includ-
trips, more than 60 data packages of verti- ed to give total scattered intensity. Most of
cal cross sections of a varies.y of parame- the multiple scattering occurs in the lower
ters have been obtained. The results reveal and more dense atmosphere.
several significant features in the relation-
ships between such parameters as surface LAR' TORY STUDIES: Recent infrared
reflectance and airmass properties on one investigations of natural aerosols in the
hand, and atmospheric contrast transmit- lower atmosphere not only revealed their
tance on the other. The results also show optical properties, but also the absorption
the strong dependence of atmospheric con- spectra provided new data on their chemi-
trast reduction on the angle between the cal composition over the whole world. The
direction of an illuminating source (for aerosol substances were mostly obtained
instance the sun), and the observer view- from rain or snow: dust and soot by sedi-
ing direction. Results from these flight mantation and dry water solubles by evap-
measurements are also in very good agree- oration. The samples were mostly o.' local
ment with model computations for compa- origin, but results from tropical rain
rable conditions. (Puerto Rico, Hawaii, South PaciOc is-

lands), Arctic and Ahtarctic snow and ice
TWILIGHT STUDIES: Measurements of sky core samples were.quite similar. A broad

brightness at twiligh have been used to absorption maximum due to dust was not-derive informnation on the light scattering ed at 10 micrometers, typical of silicate

properties and aerosol content of the upper minerals. Because soot has such a high
atmosphere. The problem is complicated absorption index, its concentration in aer-

IAXDIO¥iETERS SKY .f C£ UPftR
WINOTP CAMERA SCA (RS 1ARADIOMETER

OZWTAL PAT$ RJC

VLADI ~ WCSRA?1tH
kEPHEOWER AOIR CAWRA

/ F~nXCTM METERt

2 ACWo. 5AWaLING ?tMEPHO1OjETERS, LOWER MRACOWiTEIR

The Laboratory's C-13O flying laboratory
used to investigate optical properties of the
atmosphere. Placement of instruments for
measuring sky radiance, atmospheric tram.
mission, aerosol di3tribution, terrain reflec-
tance, and other parameters are dia-
grammed in the drawing.
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osol samples must be determined; its effect __ am GM , 4,

on the measurement of other constituents r- -. -
is especially strong in the v;sible range.

Water-soluble materials in the samples / ..
all show the same type of absorption , , * -

bands, but details of peak position and I.
band shape vary greatly. Inorganic salts

L (ammonium and calcium sulphate) produce -l
bands ncar 9 and 17 micrometers; other U

bands were produced by a previously un- \II
known alcohol soluble fraction of the wa.
ter solubles, probably oxidized hydrocar- - - --.. o,,
bons. The importance of these was empha-
sized by a few samples of arctic, local, and
tropical origin. They showed abnormally Prediction chart for water vapor transmit-
high concentrations of water-soluble mate- tance from 0.6 to 4.0 micrometers.
rials, 80-90 percent of which were also
soluble in alcohol and acetone. Although ATMOSPHERIC TRANSMISSION-EMISSION
the acetone-soluble materials originally MODELS: Models of the transmittance and
only showed absorption bands at 2.8 and emission properties of the atmosphere
6.2 micrometers, wet photo-oxidation have been developed. Two basically differ-
caused a slow change to more normal spec- ent transmittance models exist: One is a
tra. Smaller amounts of sea salt in aerosol low resolution (20 cm -1 spectral resolu-
cannot be detected in the infrared spectra. tion) model and covers the range from 0.25

micrometer to 28 micrometers. This model
is described in Optical Properties
of the Atmosphere, Third Ellition
(AFCRI,-72-0497), and a computer versionINFRARED PHYSICS of the model in Atmospheric Transmit-

ta rice from 0.25 to 28.5 pmn: Computer Code
The Infrared Physics program includes re- LO IVTRAN2 (AFCRL-72-0745). This med-
search on, and measurements of, the mech- el includes effects of both molecular and

I anisms of attenuation, absorption, trans- aerosol scattering on atmospheric trans-
mission, and emission of infrared radiation mittance over the entire spectral range.
in the aerospace environment. This in- The second transmittance model uses
cludes infrared Lackground emitted by the the absorption profiles of individual molec-
atmosphere and celestial sky. It also in- ular absorption lines and averages over
eludes the a:',nuation by the atmosphere these (the so-called lIne-by-line calcula-
of the infrared radiation from natural tions). This approach results in synthetic
sources, natural or man-made .isturb- spectra at either high or low resolution
ances, or targets such as missile plumes. depending on the desired averaging spec-
The results of these efforts, io addition to tral interval. This is the only approach
the data measured directly, are models and capable of computing very high resolution
computer codes which allow the prediction spectra for the trans3mittance of laser
of this infrared emission and transmission beams through the atmosphere. It should
for any situation. Also, improved spectros- also yield more accurate low resolution
copic measurement techniques are dewel- calculations when appropriately averaged
oped. over wavelength. During this past year

I.
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there has been a great increase in the
development of lasers in the infrared. Such
laser systems include CO, DF, and HF. A "T ' T 1
frequently asked question is: "What laser

A frequencies are attenuated the least by the "- W- C -J-i atmosphere?" This question has been O s Ott... ..$0 tt

largely answered for a CO laser system in W,,oN ,o o ,
Atmospheric Attenuation of CO Laser Ra- 1 T 7 .-

diation (AFCRL-71-0370), and a sample I

synthetic spectrum from that report is
L included here. Similar reports for HF

and DF (AFCRL-72-0312) and CO ,

(AFCRL-72-0611) laser emission regions 1040 10 ,2o 1970 1560 ,15 .o00
have been published. -,VEU.,

To attempt a calculation program of this
type, it is necessary to compile the funda- Atmosphere trarsmittance due to molecular
mental spectroscopic data (including line abo-ption through a 10-krn horizontal path
intensities, frequencies and half-widths) of at an elevation of 12 km (aerosol attenuation
all molecules responsible for atmospheric omitted).
absorption in the spectral region of inter- assumed uniformly distributed for this
est. The best set of absorption band con- purpose. There is some evidence that N20,
stants for the atmospheric absorb;-,g mol- CO, and NO3 may not be uniformly mixed,
ecules are sought, and from these the and further analysis of transmittance and
required spectroscopic data are calculated emission data gatherd with balloons may

The atmospheric gases studied so far resolve this problem. The distribution of
include: C0 2 , H20, O, N20, GO, CH 4, 02, H20 in the stratosphere -s similarly an
N2 , and HNO3. The first six of these alone open question. A significant nource of un-
have over 90,000 rotation-vibration lines. ertainty in these calculations results from
The compilation of these lines is described uncertainties in line shape, which is a func-
in AFCRL Atmospheric Absorption Line tion of pressure, temperature, and a num-
Parameters Compilation(AFCRL-73-M096). ber of other parameters. Other uncertain-
Generally, these molecules exist in that ties are related to departures from the
portion of the atmosphere where local usually accepted Lorentz shape in the far
thermodynamic equilibrium can be wings of lines, which result in uncertain-
assumed. With this assumption, a ties in continuum absorption on some of
knowledge of the transmittance param- the "window" regions. For the present,
eters, and a physical model of the this last problem will be solved by use of
atmosphere, the atmospheric emission can experimentally determined absorption
also be computed for any spectral region coefficients. Significant departures from
of interest. the Lorentz shape have been found even in

The difficulty in applying the fundamen- spectral regions closer to absorption bands,
tal spectral data to calculate transmit- and empirical data for C02 are now being
tance over nonhomogeneous paths such as entered into our calculations.
those traversed by radiation in the real
atmosphere is that a knowledge of molec- LABORATORY STUDIF5: Instrumentation
ular abundance and their distribution with to extend infrared spectroscopic studies of
height is needed. All the molecules studied upper atmospherm constituents haa been
except for H20, 0.3, and IIN0 3 have been designed and assembled. The program is
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directed toward the measurement of vi- spectra are known, and from refractive
byational band intensities--that is, the index data we are able to calculake infra-
amount of absorption by a known quantity red band intensities.
of a gas for a specific absorption band. We
are particularly concerned with those mol- MULTiPEX SPECIROSCOPY: For optimum
ecules which occur in the upper atmos- system performance, specific detailed spec-
phere where upper vibrational states are tral measurements must be obtained to
well populated and play an important role specify such parameters as atmospheric
in radiative transfer processes. When com- transmiasion or absorption and back-
pleted, the instrumentation will provide ground radiance. Conventional spectrs-
the capability for carrying out two distinct copic techniques are often inadequate for
types of experiments. First, absorption or making many of the required measure-
emission studies of atmospheric gases can ments. Multiplex systems having high
be made at elevated temperatures and energy t roughputs afford this capability.
over long path lengths. This will allow The throughput of a spectrometer is astudies to be made of those upper vibra- masure of its light-gathering capability.

tional states which are too weak to observe Multiplexing implies analyzing simulta-
at room temperature. Secondly, the Labo- neorsly Asl the radiation entering the spec-
ratory will have the capability to measure trometei This multiplex advantage cou-
the refractive indexes of gases for wave- pled with the throughput advantage can
lengths up to 25 micrometers. yield increased effitiency or gains in meas-

The high temperature instrumentation urement time over conventional tech-
consists of a multitraversal cell coupled to niques of as much as 108. These gains can
a 2-mater Czemy-Turner spectrometer.
The cell can provide a path length of 40 INTENSITY (AR3TRARV UNITS)
meters for temperatures up to 1000 de- .46 .59 11 .83 .9s V04
grees 0. The instrumentation is designed 1.45 .................
to carry out studies of the vibrational band ....... .
intensities of CO2 and H20 at tempera- '"48
tures which will provide data for the upper 1.51
vibrational ,tates. The facilities comple- Is .... -,,,,:....::?.:........
ment the present capability to carry out ..-. C .. R.. . EssO

intensity studies at room temperature us- . SPECTRUM

ing pressure broadening techniques. .... ....
To measure refractive indexes, an asym- .

metric Michelson interferometer has been 1.6 .. ..........
constructed. This instrument is designed ....... .........
specifically to measure the refractive index _, ,.6............. ...........
of ozone in the 3 to 25 micrometer region. .

-A{ These measurements will complete the ; I.s8 MONOC..ROMATOR
earlier study in the 0.4 to 3 micrometer ... ....
region. Ozone is an extremely unstable gas ."..........
and cannot be studied under high pressure 1.751 .....

or elevated temperatures, Fortunately, re- ....... ... ....fractive index measurements can be car- z "::;>;,' : .

ried out under less severe conditions. The Mercury emision spectrum obtained in the
relationships between the refractive index single slit mode with a grating spectrome-

curve for a molecule and its absorption ter. Spectral features am masked by noise.

-I



INTENtSITY (ARBITRARY UNITS) prism, in relatively new, and still mus.t
~ 43 .74 10 prove its Prie.1cality.

-. 18 .12 .5 .74 1.0 1.35
1A -~s~-------Fourier z~eciostvepy has O~e ad'zantag,-s

of multlp,!;xin, high throughpt and
~~ .~ large upectma) coverge. 1Hacainmrd span-

K-troscopy off em' the advant&aco of high
throughput ond inultiplinxing. Hfadard

;1 ....... spectro=cey alignment tolaranme are
MFRC-URy E1MssIO, macroscoic and therefore may be more

SPE(;TUM es4ly adipt ~le to airborne memuremepts
- . a .: of moderate spectral -bandtwidth than Fou-

UV2 rier zspectroicopy wbich -reqjuires micro-
1.62 geopt alignmet Werancs n a laborto

:.:.t envion n the Fu spectr m ted
1 5 isCR0EE bycrocp Aior the kmucntuenhvilbe

oi' ,einalt-niy AFra otinbletbyhas r sectpreliminy resultonwich

............ a-p hespectrumi moified y t u singloe-
~o~j ~b~~n petri HTfie Sng a li entrne etur as thel spearucodted i
dimrd-ode grlle O P tE saERit aperture, a doublentocod d shw themu

1* ~ t ~re ~ i 75nItofo~ hi spcroer resual ts. &ws ati ob tn e v y
mspc~rnee iseta modtures byi~ using a bte

f be applied to increase the SIN (signal to
noise) ratio of a measurement, increase the
speed of measurement (ite., reduce mecas-
uremnent time T.). or to obtain more de- I
tailed structural information (bztter resna-
lution).

At present there are two techniquca 1x
capable of yielding these advantage3: Fou- z
riet- spectrosconyV and Hadamard speetrcs-

feroineter spectrometer and has been do-
ceop.g at ra pcscy usonine

veloping at a rapd pace for mpore than a*~~
decade. Its advantages have been testified
to by the presentations made at the Aspen ~ J*
International Conference on F4uDie 485pec-cr
troscopy, spnsored by the Optical Physics vO O*
Laboratory of AFCR.L, and appeptring in Sweixa NhtdrAe by numericaly convvt~ng
the proceedings which %vere also published (or non-lin,-ar mirror dsive motion or. an
by XFCRL. Hadamard spectroscopy uses a e c ihrpndin to aecn DOI~ev

dispersion system such as a grating or line ics for corretoil xcuing otion.



the interf'erometer is maintained to better

than ± 20 Angstroms, wb- h is gidequateh /\ for satisfactory performance in the spec.
(I n.~ tral region of interest.[.VI

FAR INFRAMMI RESMlP.C: The far infra-
red laboratory program of optical property
measurements has determined refractive

W ~indexes a-ad absorntion coeificients for a
variety of rnateriafs. A typical set of data
for Mylar, a plastic available in thin film
form useful for bearrsplitters; for far in-

L70O frared interferometers, shows the two sets
of optical constants which can be mma-;
ured on this biaxial material. Other mate-

_______riais have been measured both at room
temperature and at pumped helium temn-

_____________ ~ perature (1.5 degrees K). Plastic -materiatls
0 o00 200 300 too do not show any significant change in

%WEN~UMBER (cilt') optical properties (especially absorption)
upon cooling. Some crystalline materials,

Reftiwtivt- Lndex for Mylar pltic, The ma- on the other hand, undergo a dramatic
feinf Is epoc~y hia.%W. The suanidpts a change. Rutiie, for example, is completely

adRrf wtetwo rneamird diretions -

Tr:- continuous 6rive interferometer
Systems usedN ir Fourier spectroscopy yi eld
un,%ab;ifactoiy scanning functions (winch 150S
is the impulsq response of the interferom-
eter'-cortpAer rnystein) when tlheo mirror LOA
drive spmeed is not cozitiant. Ir addition to ~I
the problem of non-linearity, the interfer- '0 loo[
omneter yields inferior results whe the
movable mirror wobblos. Ili

To overcome the two problems men-
P

ertingaoe the new AFVRLbtwormeter I
at- nastep-integrate md.Actsee

isaretroreftecting systemt in which the
emrigbem is parallel to the entrance 0 0 20 SO

bemee fthe whole systeni~ is tilted as WNOYMMER (Wm'l

mnas5degrees. Because of this feature,
temechanical tolerances rn the rjriVp- Ahorption coefficients for Mylar pla.5tic. -
mec animae relaxed. When a data s!a- 'hi m~crSOial i3 optically binxiiil. The sub-

*tcripw n And 8 refer to the two nicaurcpie s bingtaken, the path dif'erenice in ditfttion3 of polarirtation of t.he light
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A payloadl was developed to investigate
the possibility of surveying the sky at

/ several wavelengths in the infrared from
vertical sounding rockets. A p~reliminary
version was launched on an Aerobee 170 in
July 1970. The success of this experiment
resulted in the development of a full-scale

- sky survey payload which began a series of
flights in April 1971.

~ To obtain precise coordinates of Lhe ce-
- lestial objects observed, the scan axis of

- the payload is locked to a preselected star
V transiting near the zenith at the time of

Vacuum ch imlx-r housing for heliostat and
far infrared iterferometer, This w.ill be
Mounted in the. KC 135 flying aboratory ard
used to chtain Piaurinvnti; of the f'ar
infrared transmission andI eniinuon of the
upner atmosphere.

* opaque at room temperature, andi becomes
highly transparent when cooled.

Instrumentation for measuring aitmos-
pheric transmission -',~he far infrared
region has been, instalietI in a KC-135 air-
craft. Several checkout flights and dlata
flights were flown in early 1972. The far
infrared transmittarce andl emittance of
thL. upper atmosp~here will be dletermined
for altitudes accessible to KC-135 aircraft
at various latitudes.

vNFRARED M~ESTIAL MEASUREMF.NTs: The
Air Force needls to detect infrared emit--
ting tresa h grast possible range. 9_ ~ -

If these targets are viewed against the
*background of celestial sourcces, knowledge PAocket 133 bil~ usedl lo measure infrared
* of the infrared characteristics of the Lack- emiviion of starsi. Payload is shown with

discrmina-nose tip)ejected to ixermit the star tracker to
cn-oufld is necessary to permit dsrmn- view the ze~nith and the infrared telescope
tion of the target from the background. deployed to its niewurenient position.
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the launch. The infrared telescope is posi- wavelengths in the near, intermediate, and
tioned at various angles with respect to far infrared regions.
the scan t xis and held at this position
while the rocket performs the scan maneu-

ver. The position of the telescope along thescan plane is measured by observing star RADIATION EFFECTS
transits with a visual star aspect sensor.
When the nose tip is ejected, it permits the The primary research of this segment tf
star tracker to view the zenith and the the Laboratory is the optieal/infrared
infrared telescope to deploy to its meas- properties of the upper atmosphere both
urement position, under normal conditions and when it is

Portions of the sky have now been disturbed by aurorae or nuclear weapons.
scanned in several infrared bands. The At the altitudes considered, thermal equi-
sources detected are not uniformly distrib- librium usually does not exist, and it is
uted throughout the scanned area, but necessary to consider the collisions or in-
show a concentration toward the galactic teractions of individual pairs or triads of
plane. This concentration of sources near molecules, one or more of which may be in
the plane becomes more marked at :onger an excited state (i.e., with excess internal
infrared wavelengths. Thus, one can con- energy). Extensive Laboratory and theo-
lude that the majority of the sources retical studies, as well as rocket, balloon

observed are members of the Milky Way and aircraft measurements of upper at-
with very few extragalactic objects being mospheric optical/infrared phenomena are
detected. being carried out. The results of these

The infrared sky survey will be contin- Laboratory studies and aircraft measure-
ued for several more years. The ultimate ments also apply to missile or jet engine
goal is a complete set of sky maps at plume infrared radiation, and measure-
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Infrared stellar sources observed at a wave-
length of 4 micrometers using a rocket-
borne telescope. The dotted line delineate
the galactc plane.
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ments of these phenomena have also been lowing the fast "ionized chemistry" phase,
made. As in the Infrared Physics program, 4) a 20 cm- 1 atmosphere transmission mo-
the goal of the research is to generate both del, and 5) a model to compute scattering
directly measured data and also models of radiation from low altitude fireballs. In
and compute.- codes which permit the pre- addition, the following milestones were
diction of the optical/infrared emission of achieved: 1) prepartdon of a model to
the upper atmosphere, particularly under represent shock wave heating in the upper
disturbed conditions. atmosphere and the consequent effects on

the nonequilibrium chemistry in the affect-
OF1lCAL/INRAREO (OPTIR) CODE DEVL- ed region; 2) determination of the useful-

OPMENT: OPTIR is a computer code cur- ness of hybrid computers in the context of
rently being developed to generate mathe- the OPTIR code program; 3) development
matical and physical models to calculate of QCfIEM-an algorithm for numerical
the optical, infrared radiation resulting integration of some types of stiff differen-
from natural and/or artificial stimulation tia. equations, such as arise in models of
of the atmosphere. The code is designed to chemical kinetics, and 4) completion of
handle the problem of nuclear detonations revisions in OPTIR II leading to a more
in the atmosphere and their effects on complete and flexible version-OPTIR III.
optical/infrared detection systems. Prog- An examination of existing data on PCA
ress on the OPTIR code during the past (Polar Cap Absorption) events suggests
year has included: 1) a more flexible X-ray that the event of November 1961 is typical
spectrum routine, 2) a routine to specify and will serve as an adequate basis for a
daylight/night ambient-species concentra- model of PCA generated background in
tions in the atmosphere, 3) an improved the context of the OPTIR program. This,
model of atomic species concentrations fol- and a routine for auroral electron energy

~pig

0040 M0 000 M04 0"30 0.0 W.
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GREENWICH4 MIEAN TIME

Enhancement of hydroxyl emission is ob-
served from 2340 !o bout 0300 Greenwich
Mean Time just before the aircraft crosses
the auroral oval, irdicated by the increased
5577 and 4278. Angstrom signals. Numbers Later the same night an OH enhancement
above the curve are the pocition of the occurs in the same general region u the
aircraft when the readings were taken. auroral oval.
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deposition, will be incorporated into an the Pacific from Hawaii. Here an attempt
advanced version of the code. was made to measure emission from the

A simple chemistry model has been im- daytime sky for comparison with atmos-
plemented for the study of diurnal varia- pheric transmission measurements made
tion of hydroxyl airglow. Comparison with at the same time by looking at the direct
field data shows that this chemistry ap- solar radiation. It was observed that for
pears to represent adequately gross chang- wavelengths greater than 4 micrometers,
es in the airglow intensity near sunset and the solar scattered radiation is less than
sunrise. However, some nighttime features the thermal emission of the atmosphere.
with the characteristic times of the order At 4.3 micrometers the solar scattered
of a few hours seem to be associated with radiation is less than 1 percent of the
atmospheric motion-diffusion and convec- intensity of the C02 emission. These meas-
tion-rather than due to a chemistry more urements can be successfully made as long
complex than the one implemented. More as the entrance aperture of the emission
work is necessary to establish the correct- measuring interferometers is not directly
ness of this hypothesis. illuminated by sunlight.

In the auroral regions, enhancements by
AIRCRAFT PROGRAM: The Optical/Infra- a factor of two of the hydroxyl (OH)

red Flying Laboratory is an NKC-135 air- emission have again been observed in the
craft equipped with 52 viewing ports be- general vicinity of the auroral oval. A
hind which are operated a variety of spec- series of flights was made from the
trometers, radiometers and interferome- Churchill rocket range where the aircraft
ter-spectrometers. In the aircraft meas- was used to indicate when the desired
urement program the infrared day and aurorae were present at possible rocket
night sky backgrounds are being studied in reentry points. Once the rocket was
order to provide information on the signal launched into the desired aurora, infrared
levels against which targets must be dis- and visible radiometric and interferomet-
cernible. ric measurements were made in the region

The measurement of atmospheric trans- of the rocket z,,entry point for comparison
mission in the 2 to 6 micron region and the with the rocket data.
atmospheric emission in the 1 to 14 micron Two outstanding measurements during
region have continued with the use of the this reporting period were the Apollo 14
Michelson interferometer systems. During and 15 missions.
the latitude survey from Northern Canada In December 1970, AFCRL was request-
to the Antarctic Peninsula, the atmospher- ed that the aircraft be used to measure the
ic transmission was measured near noon, absolute intensity and the spectral charac-
and atmospheric emission was measured teristics of the plume of the Apollo 14
during the nighttime. At all latitudes, boosters scheduled to be launched 6 weeks
HNO3 (nitric acid) emission was detected later. With an intensive effort, including
at 11.3 microns. The intensity of this emis- the construction of one complete new in-
sion. measured above 12 kilometers, exhi- strument and one new trainable mount,
bited no significant variations with lati- the aircraft was test flown one month later
tude, and the intensity was consistent with on January 22, 1971. Following two simu-
earlier observations from high altitude lated practice missions the aircraft flew
balloons. At altitudes below 12 kilometers, within 20 miles of the Apollo 14 launch pad
emission from water molecules interferes on January 31, 1971 and obtained ar, excel-
with the observations of the HNO3. lent set of infrared radiometric and spec-

A similar seiies of flights was made in tral measurements of the Apollo 14 plume.
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With this outstanding flight accom- whole instrument, including optics and air-
plished, AFCRL was again requested to craft window, is cooled to liquid nitrogen
measure the Apollo 15 plume spatial char- temperatures. During this year an eyeball
acteristics. A second very successful mis- window cooled to liquid nitrogen tempera-
sion was flown on July 26, 1971 during the tures (77 degrees K) and trainable ± 25
launch of Apollo 15, when excellent ra- degrees from its central position in all
diometric, spectral, and plume spatial directions was successfully flown and it
characteristics were obtained. The data developed no frosting during the four-hour
from these missions have been fully re- test.
duced with the consequent identification Data reduction of interferograms has
of the sources and behavior of the short been greatly facilitated, such that it is now
wavelength infrared plume in considerable possible to reduce many hours of interfer-
detail. ometric data from a single flight in almost

At the request of SAMSO, a further real time.
plume measurement flight was made on
the Air Force Western Test Range with AIRGLOW AND CHEMILUMINESCENCE:
great success. Airglow is the faint luminescence of the

The development of improved instru- sky detectable on a dark, clear night. Its
mentation has continued. Obtaining ade- spectral domain extends from the ultravi-
quate signal-to-noise ratio from some of olet through the visible and well into the
the weakly emitting sky spectral regions infrared. The dpminant mechanism pro-
in the infrared has always been a problem. ducing airglow is chemiluminescence, the
One technique to improve the Laboratory conversion of chemical energy into radia-
capabilities involves the building of an tion. Prominent non-thermal sky lumines-
airborne interferometer in which the de- cence can also be induced by nuclear deto-
tector is cooled with liquid helium and the nations in the atmosphere. This chemically

- *- . .

RPdiometer with an eyeball window fitting,
tralnable to view a target and background
alternately to measure the difference be-
tween them. It was built in one month for
the KC,-135 flying laboratory minaion with
Apollo 14.

Lu
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and Laboratory are hydrogen reacting
P'I with ozone to produce oxygen plus a hy- "
!i.] droxyl radical, and reactions of nitrogen,
~and oxides of nitrogen with other oxides of

! i reactions studied leave the products vibra-

W , M- M tionally excited, and from analysis of their

infrared emission spectra the dipole mo-
ments of OH, N0 2, NO and N20 can be
determined. The Laboratory's extensive

The KC-135 optical/infrared laboratory has study of the OH dipole moment function is
many observing ports for a wide range of of special interest. The fundamental and
infrared and optical spectrometric instru-
ments used to obtain detailed ,pectral and first overtone vibration-rotation bands of
spiotal mesurements of atmnospheric cmis the hydroxyl radical were obtained from
sioi- fid Aratv mission, the study of the reaction of hydrogen

induced sky lickground brightness, molecules with ozone. The AFCRL analy-
whether natural or nuclear weapon in- sis showed that the accepted value of the
duced, provides undesirable background radiative transition probability of the band
noise if it should appear in the field-of- is seriously in error. The fundamental
view of optical instruments intended to value is about 12 see- 1. This result has
detect and track targets. serious implications for the interpretation

Molecules emit chemiluminescent radia- of airglow spectra which are being pur-
tion when they drop spontaneously from sued by this Laboratory.
an excited internal state to one of lower An experimental investigation of inter-
energy following their formation in the action of nitrogen atoms and oxygen mol-
state of higher energy. The change of ecules was undertaken and completed.
internal energy may involve primarily It was established that NO molecules
electronic motion, with the resulting radia- were formed in high vibrational levels.
tion typically in the ultraviolet or visible
region, or the change may involve primar-
ily vibrational and rotational motion of the 1 0
molecule as a whole with the resulting 9 j
radiation typically in the infrared region. 13
In either cme spontaneous light-emitting 6-transitions characteristically are accompa- _ 6 l

nied by electric dipole moment changes. I
The wavelength at which infrared radia- 3
tion is emitted is determined by the oscil- _5 2 i Ijl
latory frequencies of the molecular vibra- a

tions, and the probability that radiation 3 4 110 30

will be emitted is related to the magnitude WAVE NUMBER

of the moment change; thus, the interpre-
tation of infrared chemiluminescence re- Crted emision spectrum of OW from
quires knowloe'.,- of the dipole moment the reaction of H + O vibration-rotation
function of ea .h radiating molecular spe- bands of the fundamental sequence of the
cies. ground electronic state. The rotational tem-perature is 540 degrees K while the vibra-

Some of the more important reactions tional distrib-tion exceeds a temperature of
leading to chemiluminescence studied by 10,000 degre-s K.
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Dependence of infrared radiation, origi- dipole moment) such as N2 is transferred
nating from NO molecules, upon pressure by collision to a molecule which can ra-
was investigated and a quantum eff'ciency diate. In the ionosphere E region, N (±
figure was deduced. In a subsequent ex- indicates vibrationally excited) is an im-
periment, interferometric techniques were portant atmospheric constituent; since it
used and high resolution spectra of initial has no di" le moment,, energy is trapped
vibrational distribution of, the NO first and a non-equilibrium temperature is
overtone band- were obtained. The results created.
are being compiled and interpreted for In addition to providing excitation to
publication, radiators like CO, N20 and C02 whose

spectra can be studied, the vibralumines-
VIBRALUMINESCENCE: In addition to cence experiments make available valua-

cbnical reactions, another process where- ble information on the quenching of N2 (*
oy molecules are vibrationall excited is indicates electronically excited) molecules.
called "vibraluminescence." By this proc- Analytical studies carried out under Labo-
ess, vibrational energy from a molecule ratory auspices seek to model the flow of
which cannot radiate (due to lack of a energy through N2 molecules.

In this connection a new technique that
exploits the multiplex advantage of Fou-

20 rier spectroscopy has been developed to
study time varying sources. The time be-
havior of each spectral element is observed

0 : simultaneously with each of the other
16 spectral elements. For a source which is

Wrepeatedly excited and allowed to decay,
an interferogram signal can be determined

. by monitoring the intantaneous value of
>. , .. the interferogram signal at successiveA_ ii i: "" times as the signal decays. For a fixed
_optical path difference in the interferome-

ter, the interferogram signal is recorded
from initial excitation of the source until

"--. - some time later which is long compared
with the overall relaxation. In this fashion,

i xas the optical path difference is varied, a
. series of time separated interferograms

'may be recorded and the time history of all
.. spectral elements obtained by performing

the Fourier transformations. The tech-
200 2200 2Wo 2400 nique has been successfully applied to the

WAVEN ER (CM1) relaxation processes in a mixture of CO2

and N20 gases which has been excited via
Spectra of CO2 and N20 excited by N_ at vibrational exchange with active nitrogen.
the four selected times as indicated on the There has often been speculation that
waveform in the insert. The waveform atoms and molecules in an excited cec-
shown corresponds to a particular optical tronic state may react with other species
path difference in the Fourier spectrometer with a rate constant greatly different from
and chanres shape as the optical path is
varied in time. that of their ground state. Because of the
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NZ borhood' of a few electron volts (eV), and',: 
PRESSURE

GAUGE IR WINDOW the range in which most chemical reactions
take place is - 0.1 to 10 eV.

tR oG.TECTRo While charged particles can be acceler-
MMOwAVE..... / I 1 ated to billions of electron volts, the prob-

r fVoi-nIo . lem of accelerating a concentrated beam

N+- _N+O of neutral particles to a few electron voltsis extremely difficult. Only in recentjl iNTSRAG ietrs-dnring the 1960's-have techniques

HEK "evolved for creating a concentrated beamW[ -  of molecules in this energy range.
02 The molecular beam generator that is

PUMP presently operational is based upon the
principle of beam generation from a min-
iture supersonic nozzle. In this system,

Experimental ap'paratus for hivestigaticn of capable of producing 1-10 electron volt
reaction between nitrogen atoms anW exy- beams of most non-condensable gases,: gen molecules lead n to hifrared radiaticn

efrom NO. high pressure gas is released through a
nozzle into a vacuum. An aperture in front

great difficulty of experimenti testing tl;s of the nozzle blocks all particles except
notion, there are few data available to those traveling in an axial direction and
support it. In continuing experiments in having large velocities, The system con-
this Laboratory it has been found that sists of three main sections: nozzle cham-
0 2(b12) molecules can transfer energy to ber, collision chamber, and beam detector
molecular hydrogen, evidently exciting it chamber. These, along with associated
sufficiently vibrationally to allow chemical equipmer t and detectors, are installed, and
reactions which otherwis- &ould not occur. beam dete -tion and diagnostics have been

During the present reporting period a completed. Of the experiments contem-
detailed survey study on the kinetics of plated, one including vibrational excitation
atmospheric radiation was completed and of CO and C02 molecules under the impact
implementation of a new low temperature, of high velocity particles is currently in
low pressure, high sensitivity facility for progress. The method iniolves detection of
study of chemiluminescent reactions was
begun. Conceptual design of the facility ,. .. .. .
was cotnpleted and major elements of the .'
hardware are being acquired.

MOLECULAR BEAM GENERATORS: For a J.,f
chemical reac 'on to take place between ;
two atmospheric molecules, the molecules .
must collide. Not only must they collide, " PM
but the collision must take place within a
specified velocity range. If relative veloci- IAi-'

ties are either too smal! or too great, no
chemical reaction will take place. For sat-
ellite and rocket velocities the energy of NO overtone band at 2.7 micrometers ob-

tained with an interferometer. The spec-atmospheric molecules in the center of trum reflects the vibrational distribution of
mass coordinate system lies in the neigh- NO at formation.
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infrared radiation from these molecules ing excited electronic states of atmospher-
and deduction of vibrational excitation ic molecules. The excited electronic states,
cross sections. in turn, may decay spontaneously with the

emission of characteristic radiation. The
ELCTRON INDUCED EMISSION: As an fraction of the incident electron's kinetic

energetic electron is slowed and stopped in energy radiated in a given transition, as
the atmosphere, some fraction of the ii. the primary and higher order electrons are
tial kinetic energy is dissipated by populL- stopped in a gas, is defined as the electron-

induced luminous efficiency. This latter
process is a piincipal mechanism in auroral
excitation and in the productbn of atmos-
pheric luminescence by detonp.t ion of nu-
clear weapons. To interpret both auroral
a0, nuclear-induced atmospheric emission,
electron-induced luminous efficiencie,
must li known.

Recent auroral measurements have re-
ported unusually bright emission from
low-lying metastable electronic states, !
and 1A in molecular oxygen. In an effort to
understand auroral excitation mecha-
nisms, the (0-0) vibration-rotation band
of 0, 1.2 at ?620A was produced in the
Laboratory by energetic (50 keV) electron
impact on oxygen. Using a pulsed electron
beam a radiative decay time of approxi-
mately 1 millisecond' was measured, in
contrast to a natural radiative lifetime of
14 seconds. This implies that under these
experimental conditions, approximately
one in 104 excited 02 12 molecules avoids
collisional deactivation and relaxes by ra-

S diative decay. The luminous efficiency and
collisional deactivation crczs section of
various molecules may be determined from
the radiance of the molecular emission, the

e pra'.e of luminous decay and the natural
Roket ;ayload designed to study the tern- lifetime. Luminous efficiency for produc-
perat .re and density of atmospheric n~tro-
gen by means of electron beam induced tion by electron impact as measured under
luminescence. An energetic (2.5 keV) well these conditions may be extended to other
collimated beam of electrons is fired f-om collisional frequencies (altitudes) assuming
the top .ection of the payload to a boom-
-.mounted beam collector (circular disc). From the number and nature of popt,'ating and

* the magnitude of specific molecular opti-I depopulating processes are unchanged
emissions, excited by electron impact and over the collisional frequency range. Lumi-
measured by an array of four photometers,

- the temperature and density of molecular nous efficiency provides a measure of 02 1
nitrogen may be determined. The boom- emission produced as primary energetic
mounted rectangular section limits the field electrons, and their 2eco'idary and higher
of view of the photometers to discriminate
against auroral emission order electrons, are stopped in the atmo3-

_'S *
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10- NZ VIBRATIONAL TEMPERTURE and the nature of the experimental tech-
1200 UPER Snique, little, if any, significant vibrational

LIMT BSE !9N heating above kinetic temperature was

VOOO measured. An upper limit of N2 vibrational
* .. temperature was determined in the alti-

800 tude range 80 to 1715 kilometers (1200 de-
UPPER LIMIT BASED ON grees K at 175 kin, 1000 degrees K at 150FL km and less than 800 degrees K at alti-

400- tudes lower than 125 kin). Absolute molec-

200 NE~ TEMERAUREular density of N2 in the 106 to 175 km
US. STANDARD ATMOSPHERE (1966) ranzge was measured with values signifi-

110OKREOSPHERIC TEMPERATURE
90~~~~~ _0 _jloIo ~ cantly less than the 1965 COSPAR mean

ALTITUDE (KM) model atmosphere.
A second payload was launched OctoberL 16, 1971 on an Aerobee 150 at 1:31:07 GMT

Upper limits for the vibrational temperature from White Sands Missile Range, New
of atmospheric nitrogen measured by the
electron beam luminescent technique. The
symbols A8 and 4 refer to the population ,~. NITROGEN MOLECULAR DENSITY
ratios of W.~ first negative vibrational levels
2 to 0 and levels 1 toO0.

j phere, analogous to the typical electron-[
produced auroa Io' - - -L

The vibrational temperature of atmos-- CA1A (0) WEAN MOEL AWOSPWRE

pheric N2 has been measured using rocket- 025 Nj ITfC#AM5V?3SINl TO0KM

based electron-beam-induced luminescence a. N, XUSSITY-CAA (196N l tACGEE

as a remt diagnostic technique. The vi- o L.. j..

brational population of molecular nitrogen j
inferred from the brightnes,5 of specific . V -

molecular transitions of the N2' first nega- ~o
tive band system excited by energetic (2.5 PE~t I IOMT
keV) elect ron impact. .

The initial payload was launched on 1 SEON 5 scto SEOND

board an Aerobee 150, fran' Fort Church- o ,-

ill, Manitoba, Canada, March 13, 1970 at N2(
6:18:25 GMT. Four interference filter pho- N; '(0-11 42784 .,
tometers measured populations of the first
three vibrational levels of the N24 B 1

S'*2~ - j'
state by observing the radiant intensity of
four of the N2' first negative transitions.
Ground state nitrogen vibrational popula-
tions are derived from N2+ first negative 60 10o 120 140 160 IS0 ZN ZIC

vibrational spectra assuming relative elec- ALUD Ek'.I

tr-on excitation cross sections proportional
to Frank-Condon factors. Within the ex- Density of molecular nitrvgen in 90 to 200

detemine by he km altitude range based or. the electron
perimental uncertainty, deemn( yte induced1 luminercemce techne-... u-ing the
precision of the rocket instrumentation rocliet irnstrumentation shown previoul).
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Mexico, attaining an apogee of 214 km. CAUBRAVON FACILITY: A liquid nitrogen
The number of photometers on the second cooled collimator was constructed as an in
flight was increased to six. N2 vibrational house project and installed in a vacuum
temperature was measured by observing chamber. A variable aperture blackbody
four N first negative transitions, N2 ki- radiator that can be operated at tempera-
netic temperature by means of N2+ first tures from minus 195 to plus 600 degrees C
negative (4278 Angstroms) rotational serves as a collimated source. This facility
structure, and 02 molecular density by wh has been used to determine absolute ra-
first negaaive emiion at 5590 Angstroms. diometer responsivity which is used to con-
Electron beam current was increased from vert the read-out voltages of a radiometer
6 to 25 ma on thelcond payload and an in to radiance values. A liquid nitrogen
flight calibration lamp was included in an cooled chamber will be installed at the exit
effort to provide more accureat ional slit of a monochromator so that the ra-
temperatures. All ;nistrumentation iune- diometer spectral response can also be de-
tioned successfully confirming the upper termined under cold environment condi-
limit of vibrational temperature estab- tions.
lished in the first flight and similarly meas-
uring molecular densities somewhat ess
than the 1965 COSPAR model atmosphere.
A number of the minor constituents ofthe upper atmosphere emit radiation in the THE REMOTE INEERENCE PROBLEM

infrared portion of the electromagnetic
spectrum when excited. Measurements of With the orbiting. of the high resolution
these emissions, consequently, provide in- SIRS spectrometer in May 1970, the re-
formation concerning the identity, number mote sensing of atmospheric thermal
and state of excitation of the emitting structure came of age. The instrumental
molecules. Knowledge of these quantities demands are severe, for the deduction of
improves understanding of the chemistry vertical temperature distribution is a sec-
of the upper atmosphere. ond order effect depending on intensity

An instrument to measure these inher- differences between neighboring frequen-
ently weak infrared emissions from the cy channels. The analysis, which involves
airglow and aurorae has been developed the inversion of an integral transform,
under Air Force contract by Utah State presents an even greater problem. Briefly,
University. The heart of this instrument is from a set of six or eight intensity meas-
a cryogenically cooled circular interference urements the most likely temperature pro-
filter which is rotated continuously to pro- file implied by the data must be inferred.
vide spectral scans through the desired The difficulties in inversion all ultimate-
spectral region (hence, the circular varia- ly stem from the incomplete character of
ble filter spectrometer, CVF). One of these the data and may be grouped in three
instruments was launched from the categories:
Churchill Research Range, Manitoba, Can- 1) Given a finite number of observations,
ada, on Mlarch 23, 1971. The rocket v.'icle it is possible to fine an infinite manifold of
was a Black Brant VC which achieved an tewrperature profiles matching the obser-
apogee of 365 kin; the rocket was launched vations, and thus formally constituting so-
into a sky that was very active with class lutions to the problem. The majority of
IBC III aurora for some time prior to these solutions are nonsensicm physically,
launch. with negative temperaturps and oscillat-
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ing lapse-rates. The problem therefore be- formula passing through the observed
comes one not of finding a solution, but numbers, with a subsequent inversion of
rather choosing one from many. Thus, the the curve to yield the temperature profile.
fragmentary data character with its conse- The interpolation curve must be flexible
quent non-uniqueness forces us to intro- but smooth, for the inverse operation
duce extraneous, external, and subjective grossly distorts structure. Because of its
constraints to specify and achieve unique- extreme smoothness, the Pad6 approxi-
ness. mant is an attractive candidate for this

2) The accessible information is ren- role. These approximants are used in phys-
dered even less valuable when we note ics in two capacities: as efficient approxi-
that the observations are largely redun- mations to complicated functions for digi-
dant. The sampling of a neighboring chan- tal compdters; and to fit resonances, phase
nel yields little that is new. The differenc- changes and other curves exhibiting mild
ing of near equal date. sets is a notorious singularities.
source of calculational instability. The Pad6 approximant is completely

3) As if the fragmentary and redundant specified by the positions of its poles and
character were not enough, the data are their residues. Given 2n arbitrarily sensed
beset with inherent, irreducible noise or- intensities, an algorithm developed in the
ror. The majority of inversion methods Laboratory determines the unique Pad(6
seek to cope with noise by suppressing it approximant of n poles and residues which
through some a priori smoothing algo- fits the observations. For noise-free data
rithm. The risk involved is that the noise the poles lie in the negative half-plane of
discard may contain hidden information on the complex frequency plane. The corre-
the thermal structure. sponding temperature profile is represent-

Thus, two procedures are resorted to: ed by a sum of nonlinear exponential func-
subjective information is added to supple- tions. Noise betrays its presence by one or
ment the fragmentary data to assure
uniqueness, and information is subtracted
by discarding intensity irregularities due
presumably to noise. The danger is that
although these procedures lead to an im-
pressively smooth profile, it becomes well
nigh impossible to ferret out those atmo-
spheric features genuinely inferred by in-
version from those climatological features
unwittingly inserted in the processing.

These considerations dictate the ap-
proach to the problem. An algorithm is
needed which will extract all the thermal
information contained in the data and no
more. Furthermore, the algorithm should
use raw data, noise and all, for input with
no resort to smoothing. Finally the method
should be objective, neither requiring nor
desiring climatological information.

Viewed most broadly, the problem con- Scientist aligns instruments on teat bench
for laser-induced damage studies. All impor-sists in the generation of an interpolation tant laser pulse paranmcra qre simulta-
neously measured.
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more of the poles shifting to the real put energy from a chemical reaction. It is
frequency axis, precisely indicating the now well known that many exothermic
errant channel as well as the percentage chemical reactions leave their product mol-
error in the channel reading. ecules in excited states. This often leads to

Thus, the strength of the algorithm is inverted populations (i.e., more molecules
revealed. Not only is the noise elimination in some excited state than in some lower
problem facing other algorithms avoided, lying state), meaning that much of the
but the noise in the data is also inverted to "heat of reaction" can be taken out as
determine systematic instrumental error, laser radiation. The Air Force interest in
For a noise-free case (smooth curve), the chemical lasers is due to the potentially
algorithm correctly inferred the profile: high output power of these devices. For

example, the reaction of H2 and F2 yield-
B(r) - e- 3 - 2e- + e- 5 ing vibrationally excited HF could produce

For identical measurements except for a 3 over one megajoule of laser energy per

percent perturbation in the fifth channel, pound of reactants.
the inference remains faithful. To a re- A great deal of research data must be

markable degree, the algorithm pinpoints obtained and a great many research prob-
quantitatively the culprt. channel, lems solved before chemical laser systemscan be deRsgned and operated at anywhere

near their potential. Data must be ob-
tained aboat the initial distributions of

LASER PHYSICS ,excited states in product molecules and
about the rates at which the excited states

In the last ten years, laser systems have are depopulated due to collisions with
made possible great advances in military other species present during the reaction.
technology. Far greater advances, both The reactants must be mixed and the reac-
foreseen and unforeseen, can be predicted tion take place uniformly enough to pre-
for the future. Laser physics is studied at vent optical distortion; or if the reactants
AFCRL to advanc4 knowledge and basic are premixed, the reaction must be uni-
technology in this vital area. Researcb in formly triggered with some comparatively
laser-related phenomena is initiated to- low energy input. Further, the radiation
gether with new laser applications which emission properties of the excited state
show potential for leading to new concept molecules of interest must be determined
devices. Early exploratory development and correlated with atmospheric propaga.
efforts are carried out when a research tion phenomena. All tese problems, and
project has identified a promising new de- others, are being carefully studied within
vice concept. Substantial resources are also the chemical laser program of the Labora-
devoted to problems which have been iden- try.
tified in connection with existing laser
s.ystems. Exhaustive study efforts are di- OM CALfy INDUiiCED DAMAGE: One of the
rected toward understanding and correct- most serious problems in high peak power
ing or redesigning these laser systems so laser systems is damage V, components
that they will reliably fulfill their Air caused by the laser radiation itself. Many
Force mission requirement. different kinds of damage have been ob-

served on material surfaces as well as
CHWI1CAL LASERS: A chemical laser de- within the bulk material, Conditions under

rives all (or a substantial part) of its out- which damage occum are litthe known;

,-;.kE-
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inconsistent and contradictory data often
appear. Under these conditions, avoiding .
damage requires laser systems to be de-
signed with excessively large, yet essen- ':'.. .
tially unknown, safety factors.

The program in optically induced dam-
age is aimed at correcting these problems.
All of the important parameters relevant
to damage phenomena have been identi-
fled. Inconsistencies and contradictions in
previous work have been explained as re-

pg suiting from important but uncontrolled
experimental parameters.

The physical mechanisms possibly re-
V! sponsible for damage have been theoreti-

cally studied to understand and predict
damage phenomena caused by them. These
predictions are now being compared to Scientist aligns a tunable optica.l parametric
experimental results in order to identify oscllator. From left are alignment laser,

monitoring detector, passively Q-switchedthe actual mechanism responsible in difer- ruby pump laser, polarizer and parametric
ent wavelength and pulse duration re- oscillator consisting of crystal between two
gimes. Understanding of the physical closeiy spacedmirrors.
mechanisms responsible for various kinds currently under extensive investigation.
of damage will lead to knowledge based en The Laboratory is actively pursuing re-
material properties, preparation tech- search and exploratory development intor niques, and operating geometries for opti- these devices and their applications. In
mum laser systems design without dam- house research is concentrating on dye
age. lasers and nonlinear optical devices, while

Present activity is concentrated on laser contractual efforts are investigating spin-
materials, particularly ruby and glass, on flip Raman lasers and semiconductor diode
nonlinear optical materials and on thin lasers.
film dielectric coatings such as are used on. A dye laser operates by optical pumping
laser mirrors and beam-splitters, of (lye molecules in solution into ex2ited

electronic states with high vibration-rota-
TUNABLE LASERS: Lasers have had advan- tion energy. The vibration-rotation energy

tages over conventional light sources in is rapidly changed to thermal energy at
many at)plications because of their coher- the solution temperature leaving the excit-
ence, high spatial Lr-g!"--ss and high ed molecules in low lying vibration-rota-
spectral density. A major disadvantage of tion levels of the first excited (singlet)
lasers had been their lack of tunability. A electronic gtate. This results in a popula-
large number of potential laser applica- tion inversion between these levels and
tions require wavelength tunabil;ly, and higher vibration-rotation levels of the
even in applications requiring a particular ground esectronic state, leading to laser
fixed wavelength, luck was needed to find oscillation between these states. Because
an appropriate laser. A number of laser of the large censity of states and their
devices whic!h are capable of being .tuned large linewidth in solution, lasing ordinar-
over significant wavelength intervals are ily takes place over a very broad spectral

'""
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range (several hundred Angstroms). How- from co. into co. and wi. The frequencies w,
ever, this width can be drastically reduced and Wi can be tuned by varying the index
by the use of optical resonators with fre- of refraction of the crystal with tempera-
quency-selective elements such as diffrac- ture, angle, or electric changes. This
tion gratings and interferometers. Most of changes the conditions for phase matching.
the available laser energy can be retained
in the narrow output line due to the very
tight coupling of the various energy sub-
levels within the excited electronic state.
Tuning is accomplished by adjustments JOURNAL ARTICLES
performed on the optical resonator, such as JULY 1970 - JUNE 1972
rotation of a grating or displacement of an
interferometer mirror. BLiss, E. S., CArr.

Puse Duration Dependence of Laser
NONLINEAR OPTICAL DEVICES: In crystals Damage Michanisms

which lack inversion symmetry, an applied Opto.Elect., Vol. 3 (May 1971)
The Importance of &lf-Focusitq inelectromagnetic field can generate polar'- Laser Amplifier with Large Beam Diameter

zation currents which depend quadratical- IEEE J. of Quantum Elect., Vol. 8, No. 2 (February
ly on the applied field strength. These 1972)
currents can radiate leading to second har-
monic generation, or sum and difference CLOUGH, S. A.

frequency generation, if fields at two fre- The Microwave Spectrum and Rotational
Constants for the Ground State of DtO

quencies are applied. For a substantial J. of Chem. Phys., Vol..53 (1 October 1970)
buildup of radiation at the new frequen-
cies, it is necemsary to satisfy a condition DoLc, C. P.
called phase matching, which ensures that A Synchronizintj Valve for Low Frequency
radiation generated in different parts of (1-15 Hz) Injection of Gas into a Vacuum
the crystal will add constructively. Ssitem

The Rev. of Sci. Instm., Vol. 42, No. 8 (August 1971)
If a tunable laser is available in one part

of the frequency spectrum, second-har- ELTEPAN, L.
monic or sum-frequency generation can be Pclatiokips Between Vertical Attenuation
used to obtain higher frequencies and dif- and Surface Metcomogical Ran
ference-frequency generation can be used Appl. Opt., Vol. 9, No. 8 (1 August 1970)

to obtain lower frequencies, possibly intothe very far infrared. Hepy, F. A.
&lf.Induced Tra.nparency in Two-Pass

Closely related to difference frequency Attenuators and Related Phenom.-na
generation is optical parametric oscilla- Phys. Rev. A, Vol. 2, No. 1 (July 1970)
tion. In an optical parametric oscillator a
nonlinear crystal in an optical resonator is Hopp, F. A., and LAmB, G. L., Ji. (United Aircraft

pumped with a laser field at a frequency Res' Labs., East Hartford, Conn.), RHODES, C. K.,
and SCULLY, M. 0. (Mass. Inst. of Tech., Cambridge,

(o,,. Starting from thermal noise, there is a Mass.)
buildup of two new frequencies to, and Some feieuts on Cohent Radiative
wi - wp - w. which are mutually phase- P1,enomna with 2ero.Pi PuLss
matched for difference frequency genera- Phys. Rev. A (Februay 1971)

tion. If the gain of the buildup exceeds the HoxwviK, A., and Scn w H.
loss ef the resonator, oscillation occurs Lumi~w.f jmNbO
resulting in a large conversion of energy Appl. Phys. ILr., Vol. 20, No. 5 (1 March 1,..)

- --- ,



273

HoaD vig, A., SCHIMsBERG, H., and STICKLY, C. M. OSGOOD, R. M., JL., JAVAN, A. (Mass. Inst. of Tech.,

Spontaneous Parametric Scattering of Cambridge, Mass.), and SAcEErr, P. B.
Light in Proustite Measurement of Vibration - Vibration
Appl. Phys. Ltrs. (15 May 1971) Energy Transfer Time in IF Gas

Appl. Phys. Ltrs., Vol. 20, No. 12 (15 June 1972)
HOWARD, J. N. (Off. of Ch. Sci.), and GARINO, J. S.
Atmospheric Optics and Radiative Transfer PENDLTON, W. IL (Univ. of Utah), and O'NEIL, R. R.
Trans. of Am. Geophys. Un., Vol. 52 (June 1971) Departure ofN (B 2ZX+, V - 2 and 3)

Vibrational Populatiors from FranckConton
HuumN, P. J. Predictions in the Case of Energetic

Polarization of Light Scattered by Ice - Nz(X , - 0)CoUisionsCrystalz J. of Chem. Phy3, Vol. 56 (15 June 1972)
J. of Atm. Sci., Vol. 27, No. 8 (November 1970)
Formation and Growth of Ice Fog Particles
at Fairbanks, Alaska PIcARD, R. H., and WILLS, C. P. (Boston Univ.,
J. of Geophys. Res., Vol. 76, No. S (January 1971) Boston, Mass.)

Description of Supetradiant Damping by
SF., ROGERS, J. W., and STAR, A. T., JR Multimode Mazdll-Bloch EquationsHUSHtFAR, .,RA,,JW.anSm.A.TJ. Phys. Ltrs. A, Vol. 37A (6 December 1971)

Infrared Chemilurainescence of the Reaction

N + 02 --+ NO + 0
J. of Appl. Opt., Vol. 10 (August 1971) PaEC, S. D.

Rocketborne Infrared Measurements at 12 jAm
IZATr, J. R. Bull. Am. Astronom. Soc., Vol. 3, No. 1 (1971)

Spectral Anomalies Due to. n'&nogeneows
Optical Pamping in Ruby Lasct Po ,mA, L. S., and CLOUGH, S. A.
J. of Appl. Phys., Vol. 41, No. 11 (Ot tober 1970) Expressionsfor the Expanded Inverse Moment

of Inertia Tensor for the Darling-Dennison
LOEWENSTI, E. V. Hamiltonian
Rapid-Scan Fourier Spectroscopy J. of Chem. Phys., Vol. 54 (1 April 1971)
Book, Far Infr. Spectros., John Wiley & Sons, N. Y. Perturbation Theory of Product Htamiltonians
(November 1970) Through Fourth Order

J. of Chem. Phys., Vol. 55 (15 July 1971)

LO-WENSTN, E. V., and SMITH, D. R.
Optical Constant of Far Infrared VOLz, F. E.
Matarialu I: Analyis of Channeled On Atmospheric Turbidity After the Agung
Spectra and Application to Mylar Eruption of 136s, and Size Distribution of
Appl. Opt., Vol. 10, No. 3 (March 1971) the Volcanic Dvst
Far lqfred J. of Gsophys. Res., Vol. 75, No. 9 (September 1970)
Am. Inst. of Phys. Handbook, Third Edition (1972) Spectral Skylight and Solar Radiance

Measurements in the Ca ribbean: Maritime
Aerosls and Sahara Dust

Mo CLATmitY, . A. J. of Atm. Sci., Vol. 27, No. I (October 1970)
Atmospheric and Surface Properties Stratospheric Aerosol Lavers from Balloon-borne
from Spectral Radiance Observations Horizon Photographs
in the 4. Micron Region Bull. of Am. Met. Soc., Vol. 52, No. 10 (October 1971)
J. of Atm. Sci., Vol. 27, No. 5 (August 1970) Infrared Absorption by Atmospheric Acrosol

Substances
MiLA, D. J. of Geophys. Res., Vol. 77, No. 6 (February 1972)
Simple, Linear Cavity, TEMOO Mode, The Infrared Refractive Index of Atmospheric
Mode-Locked Ruby L4ser Aerosol Substances
J. of Quantum Elect., Vol. QE-7 (June 1971) Appl. Opt., Vol. 11, No. 4 (April 1972)

MURPHY, R. E. Voxu, F. E., and SEAN, L J., M.u.
The Infrared Emission of OH in the Skylight and Aeroa-4 in Thailand
Fundamental and Fint Overtone Bands During the Dr, Winter Season
J. of Chem. Phys., Vol. 64 (1 June 1971) Appl. Opt., Vol. 10, No. 2 (February 1971)
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WALx R, R. G. 1972 Spring Mtg. of the Opt. Soc. of Am.,
Observation of the 12 pm Background F/uz N. Y., N. Y. (11-14 April 1972)
Bull. of Am. Astronom. Sc., Vol. 3, No. 1 (1971)

GiummEmua , H. P., GOmmIZAR, J., KuaIrr, N. A.,
WALKER, IL G., and Paics, S. D. JAvAN, A. (Mass. Inst. of Tech., Cambridge, Mass.),
Rocketborne Celestial Measurements at and ScLwssnr, H. R.
12 m Ezperimental Investigation of the
Bull. of Am. Astronom. Soe., Vol. 2, No. 4 (1970) Transparency ofa Resonant Medium
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7th Intl. Quantum Elect. Conf., Montreal, Can. (8-11
May 1972) Am. Phys. Soc. Mtg., Albuquerque, N. M.
(5-7 June 1972)
Obervat ion of Zero Dqme Pulse
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JULY 1970 - JUNE 1972 3rd Rochester Conf. on Coherence and Quantum

Opt., Rochester, N. Y. (21-23 June 1972)
BLss, E. S., CAPT.
Damage Threshold Studies in Laer HOanVix, A.
Crystals An Experimental Investigation of Thermal
1970 6th Intl. Quantum Elect. Conf., Kyoto, Jap. Distortion in Infrared Window Materials
(7-10 September 1970) Conf. on High Power Laser Window Mats., Bedford,Mass. (Z7-23 October 1972)
The Importance of Self-Focusing in a
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1971 IEEE Cent, on Laser Eng. and Appl., Wash., Sci. Lab.)
D. C. (2-4 June 1971) Optical Evaluation of CO1 Laser Window

Materials at AFCRL
Buss, E. S., Cmwr., and MU.Am, D. 5th Class. Conf. on Las. Tech., U. S. Nay. Postgrad.
Laser Induced Damage to Mirrors and Sch., Monterey, Calif. (25-27 April 1972)
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1972 ASTM/NBS Laser Dam. Syrup., Boulder, Colo. HORDVIK, A., and SCBLWSSBBO, H.
(14-15 June 1972) Luminescencefrom LiNbOs

7th Intl. Quantum Elect. Conf., Montreal, Can. (8-11
EcKEza, E.E. May 1972)
The Glass High-Gain Light Integrating
Sphere for Laboratory Inestigations of HCoxno, A., (MHL Lncoln, H., ngCKLEY, C. M., and
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Milwaukee, Wis. (30 June-2 July 1971) Light in Proustite (AgPSs)

6th Intl. Quantum Elect. Conf,, Kyoto, Jap. (7-.10
ELTERuAN, L September 1970)
The Rote of the Aerosol Scale Height Family
in Vertic Attenuation Hur.i, E. R., ST^R A. T., JP., and WALT£a, T.
3rd Conf. on Laser Atm. Prob., Univ. of W. Indies, Aircraft Measurements oflnfrared
Jam. (9-12 September 1970) Aurme and Airglow

DASA High Alt. Nue. Eft. Syrup., Stanford Res.
FE ?R ImA, H. R. (MIT Lincoln Lab., Lexington, Inst., Menlo Pk., Cslif. (10-12 August 1971)
Ms s.), SCIHWaS G, H. I., and V'ALDK&A, J.,
PAXE, D. C., Tm.NENwALD, P. E. (MIT Lincoln KtNG, J. I. F.
Lab.) Remote Temperature Inference and
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7th Intl. Quantum Elect. Conf., Montreal, Can. (8-11 Intl. Rad. Symp., Sendai, Jap. (26 May-2 June 1972)
May 1972)

Mc CLvcnzy, R. A.
Graox, F. W., and VoiL, F. E. Radiative Modeling of the Atmospere
High-Atitude Measurements ofthe Opticka 1971 AFSC Sal. and Eng. Syrup., Dayton, Oh. (5-7
&attering Proprftics of the Atmophm October 1971)
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Transmittance Functions for Satellite SAW&., H., PRrrcr*ArD, J., and VANASSE, G.
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Intl. Rad. Symp., Sendal, Jap. (26 May-2 June 1972) Fourier Spectroscopy

1972 Spring Mtg. of the Opt. Soc. of Am.,
MILAM, D. N. Y., N. Y. (11-14 April 1972)
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AFCRL's NKC-135 flying ionospheric labo-
ratory.

Part of the interior of the NKG4SS3 flying
ionospheric labora~tory.



X Ionospheric Physics Laboratory

It
I

The term "ionosphere" is usually applied
to that portion of the earth's atmosphere,
roughly from 50 to several thousand kilo-
meters above the surface, in which a small
but significant number of thte constituent
particles are electrically charged (ionized).
Except for a minor contribution from cos-
mic radiation and inter-particle collisions,
these ionizations result from solar ultravi-
olet and soft X-radiation and from ener-
getic solar particles, particularly those
emitted during solar disturbances. Al-
though the ions (including frce electrons
as well as positive and negative ions) rep-
resent a very small fraction of the total
gas population, they essentially control the
propagation of electromagnetic waves.

Air Force interest in the ionosphere
stems from the limitations which its role
as a transmission medium imposes on com-
munication, navigation, and sui-veillance
and dutection systems. Characteristics of
the ionosphere largely determine the qual-
ity of electromagnetic wave propagation,
and ionospheric disturbances can have ef-
fects ranging from signal degradation o
total blackout. The Ionospheric Physics
Laboratory is investigating the properties,
characteristics, behavior, and variations of
the ionosphere (both quiet and disturbed),
their caubes, effects, and relationship to
other observable phenomena. Important
ultimate goals of the investi- ation are 1)
the production of ionospheric models
which specify parameters affecting propa-
gation and 2) the forecasting of major
ic-.ospherie disturbances and their effects.
Achievement of these goals will furnish
powerful tools for the planning and design
of future, Air Force systems as well as for

\-7-
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the selection of optimum operational pro- IONOSPHERE
cedures for existing systems. SMALL 11WOM

°'
1

,
TICS

In a static, homogeneous ionosphere, in-
teraction between the ions and a propagat- ./ IAAC-U--,. Y

ed signal would cause foreseeable and cal- -""U
culable changes in the latter-such as a , ' K\\x
decrease in signal strength as a result of //g27 \"7 / 'N\ v'fKsAU

energy absorption, an increase in travel. R 'IT"A." ,,R0,rtime of the signal, or (in the earth's mag-

netie field) a change in polarization of the ILLUMINATED
wave. Unfortunately, waves propagating
in the ionosphere encounter both gradual
and abrupt variations in ion density. More- A radar signal may be degraded by having
over, even in the quiet or undisturbed energy reflected back into a side lobe fromi ionosphere, ion and electron densities are tearrmyb atyasre sithe aurora, may be partly absorbed as it

e in ad etraverses the ionosphere, and may be irreg-
continuously varying as a result of ularly refracted either by a large irregulari-
charged particle drift, thermal motion, and ty or patches of small irreglarities in elec-
the-constantly shifting equilibrium among tron density.

the various processes of ion form& .on and lengths, a single target produces multiple
removal, echoes, thus distorting or falsifying the

Waves traveiing obliquely through a re- picture on the radar screen. Reflections
gion of varying density are refracted, the from ionized regions can also present false
amount of refraction depending not only targets, or obscure the real target in the
on the electron density but also on the welter of echoes known as clutter. Varia-

- frequency of the waves and the angle at tions such as these are, as yet, only partial-
which they enter the region. For certain ly and imperfectly predictable, usually on
combinations of these factors the wave either a statistical or a very short-time
may actually be reflected. Both the lono- basis.

4 spheric sounder-one of the oldest and The most severe ionospheric effects are
most useful methods of probing the lono- those which occur when abnormal events
sphere-and over-the-horizon (OTH) sys- on the sun produce large increases in both
tems, whose range of operation is much the radiation and the corpuscular stream
greater than that of the horizon-limited or entering the ionosphere. Prediction of the
line-of-sight systems, utilize the effects of transmission properties of the ionosphere
vertical density gradients. On the negative under these varying conditions requires
side, these same effects are responsible for increased knowledge and better under-
the skip-distance phenomenon, which can standing of ionospheric variables, their ef-
create blind areas in a transmitter's cover- fects on propagation and systems opera-
age. Horizontal density gradients must tion, their ca-aes, and their correlation
also be considered and they produce only with (and possible prediction from) other
negative consequences. By deviating a observable phenomena.
wave from a great-circle path they can Although, in general, the ionization den-
cause serious errors in timing and n. viga- sity increases with altitude up to a maxi-
tion systems, or in target location by de- mum at approximately 300 kin, the gra-
tection systems. Density inhomogeneities dient (rate of change) is not uniform. Ear-
are also responsible for multi-path p.ropa- ly workers in the field observed that waves
gation. Because the various paths lMtween were reflected from different heights and
the transmitter and target have different attributed the effect to the existence of
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reflecting layers of peak electron density. with thi solar zenith angle and the region
The term is still used even though later almost disappears at night. Very low and
work showed that some reflections occur low frequency (VLF and LF) waves are
not at a level where the electron density reflected by this region, medium frequency
peaks, but where the density gradient has (MF) waves are absorbed and higher fre-
a minimum. The layers are considered to quency waves pass through with partial
be embedded in somewhat diffuse regions, absorption. Dur an SID, the lower
historically designated in order of increas- boundary of ,he 1. region may be lowered

ing height, D, E, F1 and F2. Certain salient and the ionization drastically increased,
characteristics are relatively consistent with consequent deterioration or improve-
within a region and significantly different ment of propagation of various frequen-
in the other regions. The regional charac- cies. At VLF the increased ionization pro-
teristie of most vital interest to Air Force vides better reflection of the waves, includ-
systems planners and operators is the ex- ing the noise signals generated by atmos-

Y tent to which a given frequency band is pherics, causing SEA (sudden enhance-
transmitted, refracted/reflected or ab., ment of atmospherics), The lowering of
z.-rhed in passing through, a region. Of the reflection height is responsible for the
equal concern is the extent to which this SPA (sudden phase anomalies) or phase
characteristic will be affected by iono- advancement in VLF waves transmitted.
spheric disturbances. "I'hese disturbances The increased ionization causes increased
are almost always associated with some absorption of higher frequencies as they
unusual solar activity, and may manifest traverse the D region, commonly noted in
themselves in relatively limited locales SCNA (sudden cosmic noise absorption)
(e.g. Polar Cap Absorption (PCA) events) and SWF's (short-wave fadeouts). The for-
or on a world-wide or large area basis. mer are sudden drops in the normally
PCAs are one of the phenomena studied in steady level of noise power from cosmic
the Arctic research program. The two sources as recorded, for example, on riom-
most important large-area events are geo-
magnetic storms and sudden ionospheric l9"R l r-"-
disturbances (SID's). Geomagnetic storms - - -

are-perturbations of the earth's magnetic
field which far exceed the normal range. .,
Many of the large storms begin suddenly
and simultaneously over the entire earth,
and are believed to he caused by the im-
pact of ionized gas from the sun on the

* earth's field. Duration of the storms may
range from hours to days. SID's, on the ic
other hand, occur only on the sunlit part of .,

the earth following solar flares and are ; ..... \
attributed to solar X-ray emission. They
affect chiefly the lowest part of the iono-
sphere and' generally last from 15 to 90 ° , " *

minutes.
"he D eegion of the ionosphere, which

normally extends from about 50 to 90 km This chart of the ionospheric regions in-
above the earth, has the lowest electron eludes electron density profiles and approxi-

mae rflection heights for various frequen-t'density. Ionization iW, this region varies y rane.'.
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eters (Relative Ionospheric Opacity Me- periods of magnetic disturbance when ad-
ters). SWF's are blackouts, usually sudden ditional currents are superposed on the
and brief, of high frequency transmissions normal currents,radically altering some of
reflected in the E and F regions. Though their characteristics. The effect of these
usually only, a nuisance, SWF's can be a currents on propagation and factors affect-
serious problem when high reliability cir- ing-it still await detailed investigation.
cuits are required. The ionization level is highest in the

The E region, which extends from 90 to uppermost or F region. which during the
160 km altitude and peaks at about 110 day consists of the F and F2 regions. F1,
kin, is the transmitting, medium for day- at a height of 160-250 kin, is more pro-
time propagation of HF waves up to abouzt nounced in summer, during ionospheric
1000 miles and for nighttime propagation storms, and during periods of high sunspot
of MF waves beyond 100 miles. Like the D activity. It occasionally reflects HF waves,
region, it is chiefly ionized by ultraviolet but most waves which traverse the E re-
and soft X-radiation and the ionization gion also pass through the F1 region, with
density is dependent on the solnr elevation some additional absorption, to be reflected
angle. The daytime ionization level is by the F2 region. Although both the height
about an order of magnitude greater than and the ionization density of the F2 region
that in the D region. The ionization level is vary with daylight, season and sunspot
substantially lower at night, although the cycle, it normally oecurs at 250-400 km and
E region does not disappear with theonset is the principal reflection stratum for HF
of darkness. Characteristic of the region is waves. The ionization is not strongly de-
the frequent occurrence of transient irreg- pendent on solar. elevation angle, but the
ular cloudlike patches of very high ioniza- level decreases by about an order of -,ag-
tion known as sporadic B (E,). E. occurs nitude at night, when the F1 and F2 layers
chiefly at night in the auroral regions and
in the daytime near the equator, with littte MAXIMUM

seasonal var:ation in either locale. In the SIMPLIFIED

mid-latitudes it tends to occur more fre- HG/ RAYS

quently during the local summer and in / um~r

the daytime. As E, can be either thick and I LOW PAYS

opaque, effectively blanketing the higher U"

ionospheric regions, or thin and patchy
with gaps permitting penetration of
waves, the effect on propagation is difficult
to predict.

Also characteristic of the E region are ...
the large electric currents which circulate SXP DSiANC '
horizontally above the earth's surface and --- PATOA RY OF HIR , IPROUENC
cause periodic variations in the earth'sagetiefiedc Thesurrns, as et litts Effect of the angle of incidence on the path
magnetic field. These currents, as yet little of a ray of fixed frequency. Receivers be-
understood , are largest in daytime, in yond the skip rank,. will receive both high
summer and at periods of sunspot maxima, and Iow rays. The dished lines show, for two

They are strongly enhanced in a narrow argles of incidence, the path of rays of a
higher frequency. As the frequency increas-

band along the geomagnetic equator, es. the reflection height increases for thn low
where they produce the "equatorial dec- ray, and decreases for the high ray. At the
trojet." A perhaps complementary "auro- MU? for a given configuration and iono-

sphere, the high and low rams merge into
ral electrojet" is sometimes formed during single ray.
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merge at a height of approximately 300 reached at which the wave is reflected

km. back to earth at some point distant from
Patches of very high ionization also ex- the transmitter. As the angle of incidence

ist in the F region and are currently being continues to increase, this "return point"
studied by several groups at AFCRL. First rapidly approaches the transmitter, reach-
detected by the greatly increased lengths es a minimum, then recedes again. The
of some pulse echoes reflected by the minimum distance between transmitter
patches (hence the designation F, or and return point is the "skip distance" for
"spread F"), the F-layer irregularities the frequency under consideration and the
have subsequently been found to cause ionospheric conditions prevailing. It is the
such propagation effects as scintillation of shortest range which the signal from the
signals from satellites and radio stars, au- transmitter can reach by ionospheric re-
roral backscatter and severe flutter-fading fraction alone. It also marks the limiting,
on some voice communication channels (at or merging, path of the so-called "high"
about 50 MHz). and "low" rays. For the low rays, higher

Even under ideal conditions, ionospheiic frequencies are reflected from higher le-
stratification would impose limitatio-as on vels and therefore have longer skip dis-
the propagation of electromagnetic wn'ves. tances. Thus, for a given transmitter-re-
A vertical wave, i.e. one incident at zero ceiver link, there is an upper limit to the
degrees, is not bent but penetrates succes- frequency which can be used for reliable
sive strata until it is reflected back to the coverage, at any particular time. This is
source from some height which is deter- the MUF (maximum usable frequency) for
mined by the frequency of the wave and the sites involved and is usually predicta-
the ionization density. Waves of low fre- ble, at least on a statistical basis. For a
quency are reflected at lower heights, and given layer, the MUF is related to the
those of higher frequency, from higher critical frequency fo by the relation.
altitudes (unless the frequency is high
enough to penetrate the entire iono- MUF = kfosecS
sphere). Ionosondes make use of this effect where 0 is the angle of incidence and k is
in monitoring the ionosphere. Short pulses a factor compensating for the earth's cur-
are beamed vertically upward by a trans- vature.
mitter and, after reflection, are picked up The LUF (lowest useful frequency) limit
by an adjacent receiver. Transmitter and for a transmitter-receiver link is less clear
receiver are slowly swept over a range of cut. As the frequency is lowered, the signal
frequencies and the reflection height for is increasingly absorbed and the level of
each frequency is determined from the background noise power increases. As a
round-trip travel time of the pulse. A plot result, the signal-to-noise level decreases
called an ionogram, of reflection height to such an extent that system reliability
versus frequency, is used to derive a profile becomes unacceptable.
of the ionosphere at the site and to deter- As both MUF and LtIF are dependent
mine, for example, the E- or F-layer criti- on ionospheric conditions, system operat-
cal frequency (the frequency below which ing frequencies must ba chosen far enough
reflection occurs and above which radio from the limits to alh,w reasonable safety
waves penetrate the layer). margins during foreseeable ionospheric

For angles of incidence somewhat great- disturbances. In practice, determination of
er than zero, the wave suffers some bend- MUF and LUF is complicated by the fact
ing but may still traverse the layer. As the that, instead of the clear-cut single-hop
obliquity increases, however, an angle is situation discussed here, there may be
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-- 0 . . . . 'disturbances, as well as of the distances at.600e f - 20 MHz , ] which appreciable levels of electromagnet-
. . ic signals at those frequencies can be de-

- 0, tected. At present, under the program,
,techniques are being developed for simu-

.-TaF2 lating very complex electron-density dis-
20 tributions, like those encountered in the

.... Arctic ionosphere. Work is also underway
- 0". on determining the departures of radio

0-6 8 10 I2 14 16 18 20 rays from great circle propagation paths
GREAT-CIRCLE DISTANCE (1000 Km) and for determining the aspect angle be-

tween a ray of interest and the drectionsof magnetic-field-aligned ionization re-
Ray pattern in the vertical plane obtained on at hih lai d Thiatangle
by ray-tracing techniques. glens at high latitudes. This aspect angle

governs the degree of auroral clutter in
multi-hop transwNsion, reflections from ir- backscatter rad-rs and depends, in part, on
regularities, diffuse layer boundaries, etc. the refraction undergone by the ray.

The usual scientific method of controlled Ray tracing, which essentially applies
variation of a single factor and observa- the approximations of geometrical optics
tion of effects is not possible in ionospheric to the solution of radio propagation equa-
studies; therefore, methods have been de- tions, can be used at medium and high
veloped to exploit models of the ionosphere frequencies. At low and very low frequen-
and simulation of conditions and changes cies, however, where the scale size of ver-
of conditions in the ionosphere. tical variations in the ionosphere is less

One approach to simulation is the ray- than the wavelength, the method breaks
tracing process. This is a method of deter- down. For these frequencies a more rigor-
mining the actual propagation path (ener- ous and accurate solution of the wave

- gy flow) of an electromagnetic wave equation must be used-the so-called "full-
through a variable medium by computer wave solution."
solutions to the wave equation, with input AFCRL has now developed a computer
data consisting of electron density profiles. program for the full-wave solution which
The density may, in general, vary in all includes the effects of ions and employs
three dimensions. A ray pattern presents a generalized collision theory. By making a
"snapshot" view of the distribution in change in the input model ionosphere (for
space of the rays emitted by a transmitter example, varying the electron density pro-
under a given set of conditions. By varying file), the effects of fluctuations on propaga-
the input data, ionospheric changes can be tion parameters in either a quiet or a
simulated and a new pattern drawn. The disturbed ionosphere can be simulated.
method is useful in forecasting or asses- The solution of u typical problem (30 kHz
sing the effects of ionospheric changes on frequency) requires five seconds on the
the performance of operational systems-- CDC 6600 computer.
e. g., communications systems, backscatter
radars, and over-the-horizon detection sys-
tems.

Under AFCRL's continuing ray-ti icing TOTAL ELECTRON CONTENT (TEC)
program, studies bave been made of the
frequencies which can be propagated 'in- Almost all non-communication systems--e.
der various types of prevailing ionospheric g. radar tracking systems, navigation sys-

t
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tems, position or target location systems- and equatorial regions. To aid in this work,
in-olve the measurement or comparison of electronic polarimeters have been installed
signal travel times. While the speed of at. Huancayo, Peru, at Jamaica, West In-
radio Waves in free space is constant, dies, at the Goose Bay Ionospheric Observ-
waves propagating through the ionosphere atory, Labrador, and at Thule and Nars-
encounter tir.e delays which are propor- sarssuaq, Greenland. The polarimeter,

p tional to he number of free electrons which was designed by AFCRL, is used to
along the pixpagation paths. Unless cor- measure the Faraday effect. It consists

p rected, these time delays can cause serious essentially of an electrically spun antenna
errors in systems using trans-ionospheric which is able to follow fast changes in
tran imissions. For maximum accuracy, a polarization and is relatively insensitive to
correction factor must be applied which is amplitude scintillations.
p-oportional to the total electron content Comparisons are also being made with
(TEO) along the path. The direction of other ionospheric parameters to determine
pnlarization of an electromagnetic wave whether ground-based ionosondes can give
traversing the ionosphere will be rotated useful estimates of TEC, and whether

j by an amount proportional to the integrat- TEC measurements can be used to deter-
ed product of electron dersity and the mine MUF (maximum usable frequency)
earth's magnetic field (which decreases along a one-hop F region path.
rapidly with increasing height above the
earth's surface). Most TEC determinations
are made by using this relationship. Elec- F-LAYER IRREGULARITIES
trons at high altitudes, because of the low
magneti- field values there, do not contrib- Patchy variations in F-layer electron den-
ute appreciably to the Faraday effect and sity are now known to be responsible for
therefore TEC values so obtained can pro- two widely different phenomena-HF au-
duce errors of serious, although unknown, roral backscatter and scintillation of VHF
magnitude when applied to transmissions satellite signals. These F-layer irregulari-
from satellites at geostationary or higher ties are small (one to several kilometers)
altitudes. To overcome this problem re- and aligned with their long dimension
searcher at AFCRL and other laborato- along the earth's magnetic field. They oc-
•des are working on mietnods for directly cur mainly in a 'elt around the geomag-
measuring the ionospheric time delay. Per- netic equator and in the sub-auroral to
fection of these techniques is still several polar latitudes, and are a source of major
years in the future. concern to the Air Force because of the

AFCRL has recently constructed, from fading and backscatter they produce. T!,,,
TEC data taken at the Sagamore Hill problem is particularly acute for high lati-
Radio Observatorx, a simple analytic mod- tude OTH radars on which the backscatter
el in which the range error due to the appears as "clutter" which both presents
ionosphere is expressed in terms of the false targets and masks the true targets.
critical frequency foF 2. This parameter is This backscattering effect of the ir'qgular-
predicted on a world-wide basis by AWS ities is highly aspect sensitivw, and is most
(Air Weather Service), The TEC model, intense when the incident electromagnetic
when used with a value of f0 F2 predicted wave is nearly perpendicular to the mag-
by AWS, yields a significant improvement netic field. This incident angle depends on
over monthly mean TEC values, the relative positions of the transmitter

An attempt is being made to extend this and the irregularity and the magnetic
first-order TEC (time delay) model to polar field, as well as the ionospheric hending of
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scintillation observations taken at Saga-
more Hill in Hamilton, Mass., are being
compared with backscatter data recorded
near Rome, N. Y., by RADC and by Polar
Fox II in Maine to further determine clut-
ter morphology.

sNsEY SUNRISE An active data-gathering program is
also underway at stations at Sagamore
Hill, Thule and Narssarssuaq, Greenland,
and, under contract, in Ghana and Peru, on
the geomagnetic equator. A station at
Goose Bay, Labrador, became opirational
in November 1971. Detailed studies of am
plitude distribution and of the depth and
rate of fading as a function of latitude,

Nighttime picture of scintillation occur- season, time of day and magnetic condi-rence. The density of the hatching is propor-
tional to the-oo.urrence of deep fadiog. tions will not only lead to better under-

standing of the global morphology of ir-
the wave which varies diurnally and sea- regularities but will add tW the data bank
sonally. drawn upon by systems designers con-

Scintillations produced by F-layer irreg- cerned with fading effects.
ularities on UHF-VHF waves passing For example, when the ASTRA IV Pan-
through them can capse signal levels to el* was faced with the problem of choosing
increase temporarily to well above normal, between a VHF system in the 130 MHz
or fade down into the background noise, range and an L-band system in the 1550
thus creating a serious problem for TAC- MHz range for use in international air-
SAT and for systems using frequencies in craft-to satellite-to-ground communica-
the VHF-UHF range, such as the proposed tions, AFCRL data from local, equato ial
aircraft (ship)-to-satellite-to-ground com- and high latitude stations were used to
munication systems, satellite data trans- show. for different latitudes, the percent.
mission systems, and systems for detection age of time the systems would be inopera.
of missiles and satellites at altitudes above tive because of fades. This information
the F layer. Although scintillations of sat- contributed to the decision which the Of-
ellites and radio stars had been observed fice of Telecommunications Policy made,
for years, it was only recently that they choosing L-band for aircraft-to-satellitk-
wcre linked to irregularities which, in high to-grcund communications for commercial
latitudes, cause auroral backscatter. In aviation.
consequence, AFCRL is now re-examining
a large collection of satellite and radio star LONG BASELINE INTERFEROMETER
data,,originally recorded for other purpos-es, toi determine the occurrence of F-layer In addition to the F and E refractive

irregularities, seasonal and diurnal varia- irregularities, wav,.s travei',g through the
tions:and effects of magnetic storms. These ionosphere may rdso encounter patchy F,-
results will then be compared and correlat- -
ed with auroral backscatter records, to * Application of Space Techniques Relating to Avia-
determine whether scintillation observa- tion, an international group acting in an advisorydeteminewheter sintilatin ocapacity to the international Acrontutical Organiza-
tions can bi used to predict the occurrence tion on aircraft satellite communictions--frequen-
of auroral clutter. In addition, radio star ties, equipment, etc.



287

/4..coi -late the refractive irregularities with
'0 other aspects of solar-geophysical activity.

'904O During 1970 and 1971 the interferome-
ASEC OFRAY I 1 $4 ter was operat-d on 300-meter and 10-km

L:STUn0AN INhIUT baselines (one station is transportable),

APARENT /and the results have contributed to the
DIRECTI NT OF

1  first accurate estimates of diurnal and sea-
TLT ACLAOAsonal variations of ionospheric refraction

P! " " /7 R E61,, fluctuations on a trans-ionospheric path.

---LE , The baseline was then extended to 50 km

-RAF, '] a ,(the longer the baseline, the better the
AT KOSF.INf angular resolution), and operations with

OSTORTED WAVEFRONT -= REFRACT: the extended baseline covered the period
/ 1 September 1971 to March 1972.

. .. The operation of the Long Baseline In-
terferometer at the Goose Bay Ionospheric

SIGNAL CORREaTO_- .ICROJAVE INK Observatory, where geophysical phenome-
OF ARILE na are markedly different from those un-

CF AR RIVINv,,, oTf TIME

der which it has thus far been tested will
begin in November 1972 witih a 3 kmn

Illustration of the principle of interferome- baseline.
ter operation.

,: region irregularities and moving wavelike TRAVELING IONOSPHERIC DISTURBANCES
variations in electron density, believed to
be caused by gravity waves. Without ex- In another approach to the investigation
tensive knowledge of these ionospheric re- of traveling disturbances in the iono-
fractive irregularities and their effects, the sphere, AFCRL has since 1967 monitored
inherent accuracy of existing and proposed the very stable high-frequency signals
systems cannot be ref lized. The Long transmitted by CHU-the time station of
Baseline Interferometei is one of several the Dominion Observatory at Ottawa,
AFCRL programs investigating these ir- Canada. These signals reach the receivers
regularities. The interfei ometer is used to by reflection from the ionosphere, and any
monitor continuously, whi high precision, disturbance of the latter, in a vertical
the apparent angular position of a geosta- direction, shifts the level of reflection. This
tionary satellite. Small doviations in the movement, in turn, causes a slight change
apparent position are due to refractive in the frequency of the reflected signal-
changes caused by natural or manmade the well known Doppler shift. Wavelike
ioncspheric perturbations having dimen- disturbances of the ionosphere are detect-
sions of a few hundr0 kilometers. It is ed by the recurrence of shift patterns.
known that the normally occurring wave- Data from riometer stations and from a
like irregularities are markedly different n. work of ionosonde stations are used in
at itigh and low latitudes and that their conjunction with the Doppler information
occurrence depends in a complicated way , study the characteristics of the travel-
on the degree of solar activity. By study- z disturbances, their association with
ing spectral characteristics, as well as diur- g, .1.y waves, and their correlation with
nal, seasonal and other variations, it is other phenomena--e.g., tropospheric
hoped to arrive at an understanding of the storms, auroral storms, and jet stream
physical principles involved and perhaps fluctuations.



- -, ' - by simulating variations in range, Doppler
:... frequency and signal strength. Patterns

similar to those so generated were found
in the data, indicating a possibility that

" :the simulation program could be used in
X. predicting propagation effects.

(ki) '" IONOSPHERIC WAVEGUIDE

Most of the foregoing discussion has re-

ferred to high-frequency and middle-fre-
quency waves for which the ionosphere
serves as a transmission medium. At the
very low frequency (VLF) end of the radio
frequency spectrum, however, it is primar-
ily a reflector. In combination with the

O.: ' earth's surface it forms, essentially, a
10 30 50 70 90 giant waveguide through which VLF

PERIOD (minutes) waves propagate in various modes with

little loss. Each mode can be thought of as

Undulation amplitudes of ionospheric waves a combination of an ascending and a des-
(HU data, 198). cending plane wave whose phase and am-

Doppler data taken in 1968 have been plitude are primarily determined by the
analyzed in a preliminary assessment of properties of the earth-ionosphere bounda-
wave characteristics. A histogram of wave ries.
periods observed for the F region over These VLF waves, particularly suitable
New England showed that while periods for communication, navigation and timing
ranged from 5 to 135 minutes, 90 percent systems, as they propagate to great dis-
fell between 5 and 40 minutes, and slightly tances, can be received beneath the sur-
over 50 per cent between 10 and 20 min- face of the sea, are highly stable and are

utes. This would tend to corroborate a link relatively unaffected by either natural or
with gravity waves, which typically have manmade ionospheric disturbances. How-
periods of approximately 20 minutes. ever, prediction of VLF propagation, and
When vertical phase path perturbation efficient design of VLF systems, have been
amplitudes were derived from the Doppler seriously hampered by the lack of informa-
data (with an assumed mean reflection tion on the reflective properties of the
height of 250 km) and plotted against lower ionosphere. The usual probing tech-
frequency, the larger perturbation ampli- niques involving transmission and recep-
tudes were found to be generally associat- tion of pulses cannot readily be extended
ed with the longer wave periods. This to these low frequencies. Pulses generated
helps explain the "bunching" of wave per- by conventional VLF transmitters are rel-
ods at the lower end of the scale-small atively long. As a result, even at quite
ionospheric perturbations are much more short distances, the reflected (sky-wave)
common than large ones. pulse arrives at the receiver before the

A computer program was set up to study direct (ground-wave) pulse has ended. The
patterns of signal characteristics obtained superposition of signals makes it impossi-

II-,- -
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form pattern permits measurements to be
made simultaneously over propagation
paths with different magnetic orientations.
As a bonus, this antenna requires very
little land area, and is transportable. An

Y: early version was set up and operated
from a small ship off the Florida coast.

In 1970 the ionosounder was operated in
southern California in a study of mid..
latitude ionospheric reflectivity as a func-

tion of frequency, angle of incidence, geo-
magnetic azimuth and solar zenith ang.

In May 1971 the ionosounder, set up on
4 i the geomagnetic equator in Brazil, was

used to study the ionospheric reflectivity
associated with a horizontal geomagnetic

, field. This was a cooperative research pro-
gram with the Brazilian Air Force. Contin-
uous measurements were made at a fixed
receiving site 200 km east of the transmit-- E.j I ter. In addition, sample measuremerts
were made at 15 selected locations, using
portable equipment. It had been predicted

Launch of balloon supporting the long-wire from theoretical studies that certain criti-
antenna at the high.precision iontlounder cal reflection situations should exist at the
field site in Brazil. equator. The analysis of the data has con-

hle to examine the uncontaminated sk 'icmed the principal features of these pre-
wave, from which ionospheric reflective dictions--e.g., a zero value for the conver-
properties could be deduced. sion coefficient for propagation along the

To solve this problem AFCRL developed magnetic east-west line through the trans-
a unique, high resolution ionosounder ca- rnitter and equal values for the normal
pable of measuring reflection coefficients reflection coefficients to the north and to
over the 5 kHz to 100 kHz frequency the south. Because the data covered a wide
range. The sounder offers several capabili- variety of frequencies, magnetic azimuths,
ties not hitherto available. The most nota- and angles cf :.-zidence, it provided a spe-
ble features are thL clean presentation of cial opportunity to test theoretically calcu-
uncontaminated, ionospherically reflected lated reflection coefficients, using several
waves and the azimuthally uniform radia- electron density profiles, against the ex-
tion pattern. The first of these features is perimental results. As a result of these
made possible by the radiation of a VLF comparisons an exponential profile was
pulse so short that even at ranges of 400 found which appears to describe the day-
km the early arriving ground-wave pulse timne equatorial ionosphere with excellent
has ended before the sky-wave pulse ar- agreement with the experimental data.
rives. Reflection coefficients are derived b The ionosounder was operated from Jan-
Fourier analyzing the two pulses and com- uary through June 1972 to study diurnal
paring the amplitudes and phases. A bal- variations in ionospheri, reflection coeffi-
loon-supported 1000-meter vertical anten- cients at low, and very low, frequencies.
na provides the second feature. The uni- The transmitter utilized an RADC 600-

-- .4



,T

290

foot, vertical antenna located in Camden, geomagnetic equator. There, the horizon-New York, and the signals were received tal magnetic field allowed very little VLF

in Bethel, Vermont, over a 260-km mag- energy to penetrate the ionosphere.
netically west-to-east propagation path. This confirmation of the theoretical pro-
Preliminary analyses of the data show that diction has stimulated military interest in
the normal reflection coefficient data are the possibility of extending the highly re-
characterized by steady daytime values, liable VLF communication system to in-
but are highly variable, with deep nul*s, at elude satellite-to-satellite, satellite-to-
nigiat and during sunrise and sunset. The ground and satellite-to submerged subma-
conversion coefficient is much more stable rine links. Work in progress includes a
at night and has a very low daytime value, study of the reciprocity properties of the

Although the earth an I ionosphere form ionosphere, and the antenna and 6xcitation
a highly efficient waveguide for VLF problems associated with VLF transmis-
waves, some energy does pass through the sions from space.
ionosphere. Theoretical studies indicated Within the earth-ionosphere waveguide,
that the amount of "leakage" would vary conventional VLF transmissions propa-
with geomagnetic latitude. In May 1971, gate in the Transverse Magnetic (TM)
the ionospheric transmissivity at high geo- mode, which is easily excited and received
magnetic latitudes was measured by firing at the earth's surface. In theory, the
a Black Brant rocket from Fort Churchill, Transverse Electric (TE) mode should also
Canada. Receivers in the payload moni- exist. At the earth's surface, however, this
tored CW transmissions from Rugby, Eng- mode tends to be shorted out, making it
land (GBR, 16 kHz); Cutler, Maine (NAA, difficult to excite and weak for reception.
17.8 kHz); Jim Creek, Washington (NPG, At a distance from the earth, as in air-to-
18.6 kHz); Fort Collins, Colorado (WWVL, air communications, the situation changes
20.0 kHz), and Balboa, Canal Zone (NBA, and it appears that this mode would prop-
24.0 kHz). In addition, one channel moni- agate with less loss than the TM mode,
tored atmospheric noise. A preliminary particularly under highly disturbed iono-
survey of the data shows that intelligible spheric conditions.
VLF transmissions were received, through For some time, AFCRL has been carry-
the ionosphere, to rocket apogee at 500 km. ing on a study of the TE mode and its
These results were indeed markedly differ- properties. Preliminary data from a loop
ent from those obtained in 1969 on the receiving antenna suspended beneath a

Y. 'II A V N

A standard antenna produces vertically po-
inrized VLF wave which propagate in the
Transverse Magnetic Mcde. TM waves pro- The Transverzo Electric Mode appears to
vide strong signals on the surface of the offer the advantage of lower attenuation for
earth. air-to-air communicatiols.
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balloon indicated that signals radiated ........
from trailing wire aircraft contain- strong WA4NET[iH

4i TE components. A new technique has been
developed to circumvent the difficulty of - AS

determining the exact orientation of this
swinging loop, so that accurate measure- 0ta

ments may be made of the TE wave and C0P\ 'N.the vertical TE field profile uncontaminat-

ed by undesired TM components.
The latest receiver instrumentation con- .3

sists of a wide band VLF/LF receiver (5 . L- Earth n ,tfurd. ,ft.the
kHz to 100 kHz) which is.switched during
flight between a horizontal loop antenna
and a rotating vertical loop. The device is
carried to altitudes up to 100,000 feet by a
meteorological balloon. A pre-set baromet- The earth from near space, showing the
ric switch then releases the payload which plasmasphere, magnetosphere, L shells, and
falls like a dart, attaining a ,elocity of some satellite orbit.

several hundred feet per second. The axis including the upper ionosphere, the exo-
of the dart maintains a nearly vertical sphere, the magnetosphere and the pla.-
orientation because of the aerodynamic masphere. The Electrical Structure Proj-
design and the distribution of mass, so that ect seeks to determine, under a wide range
the TE antenna and the TM antenna re- of atmospheric conditions, the density,
main horizontal and vertical, respectively, energy distribution, flux and directional
throughout the fall of the probe. This properties of charged particles in these
insures that the signal received from the regions, as well as the vector electric fields,
horizontal loop is free from undesired TM currents and conductivity.
contamination, and that the signal picked Research includes in sita experimental
up by the vertical loop is free from TE investigations by rockets and satellites,
contamination. The data then can be ana- theoretical analysis of the physical rela-
lyzed to determine the TM and TE field tionships and the refinement of the theo-
profiles as a function of altitude. retical foundations for the experimental

In April 1972 the dart was used at Swan techniques employed.
Island (near Honduras) to obtain measure- The spatial and temporal variations of
ments of atmospheric noise to 70,000 feet. the thermal plasma at low and mid lati-
The TE roise was found to be on the order tudes between L = 2 to L = 4 over the
of 15-20 dB less than the TM noise, at 15 altitude range 3000 to 5700 km have been
kHz. In the near future darts will be studied using data obtained from two
launched during trailing wire aircraft spherical elect'ostatic analyzers flown on
traismissions, to determine and compare the polar orbiting satellite OV3-1 Results
TE and TM signal-to-noise ratios. show that during magnetically quiet peri-

ods, the ionization density characteristical-
ly decreases monotonically with increasing

ELCTRICAL STRUCTURE L and that between L = 2 and 3 the
average electron density varies with longi-

In addition to D, E and F regions, the tude. Between April and August the max-
Ionospheric Physics Laboratory is also in- imum ocurs at 150 degrees E and the
vestigating other parts of the atmosphere, minimum at 300 degrees E.
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On 30 percent of the orbits, major A delay of three to nine hours is foand
charge density irregularities were found in the movem.nt of thke nightside plasma-
at L = 4 dtring periods of quiet to moder- pauso boundary .... wi an , . .
ate magnetic activity. Comparison of den- the level of magnetic activity. Similar
sity profiles obtained o, the same day at studies in the afternoon sect',r show the
different longitudes shows the irrer.iari- plasmapause location in this sector corre-
ties to be of limitcd longitudinal extent. lates best with the magnetic activity that
The results show that "fillinp in" of the existed when the sampled plasma was in
low density regions is continually taking the formative nightside region, 12 to 16
place, but that significant features of ma- hours earlier. This discovery has provided
jor irregularities are observable for up to significant new knowledge on the produc-
eight days. Large-amplitude, small-scale tion and maintenance of the plasmapause
irregularities extending over tens of kilo- boundary. vnd new insight on the role of
meters are often superimposed on the ma- magnetospheric convection in th- forma-
jor density gradients and appear to be the tion of the plasmasphere-magnetosplire
result of instabilities produced by inward interface.
plasma drifts. These results are directly The Injun 5 satellite, launched in Au-
-o*plicable to the analysis and prediction of gust 1968 into an orbit between 666 km
radio signal scintillations at low and mid and 2526 km at an inclination of 80.7
latitudes and .provide new data on the degrees, carried two AFCRL plasma
ionosphere at altitude regions which pre- probes to measure the flux, density, energy
viously have beer, virtually unexplored, distribution and temperature of electrons

Thermal positive ion densities neasured and positive ions with energies between 0
with a spherical electrostatic analyzer on and 2 keV. Small-scale irregularities in the
approximately 25 orbits of the OGO-1 sat- thermal plasma density are often seen
ellite, apogee 149,0C0 kin, perigee 282 kin, between 60 and 80 degrees invariant lati.
have been studied. The charged particle tude, but the most diamatic features are
distributions exhibit a highly variable the large fluxes of electrons with energies
character within and beyond the plasma- in the 1 eV to 10 eV range which are
pause boundary. The presence of the plas- observed in those regions extending over a
mapause, though quite evident in most hundred kilometers or more. These have
cawls, is not obvious in some, while on a been observed over the full height range

w orbits more than one steep density of the satellite orbit and are most likely to
decrease is observed. The density gradient be seen in the vicinity of 71 degrees invar-
at the plasmapause varies. Its magnitude iant latitude. (Invariant coordinates are
is inversely related to the plasmapause L- based on the use of the earth's actual
position and is consistently about an order magnetic field to determine latitude and
of magnitude higher for the afternoon longitude on the surface.)
sector orbits than for the nightside orbits. Other instrumentation on the setellite
Within the plasmasphere, irregularities in measures electrons in the energy range
the density distributions appear in the 50 eV to 2 keV, and strong fluxes in this
form of troughs and humps, while beyoad energy rauge are seen concurrently with
the plasmapause they exhibit "wavelike" the lower energy electrons seen by the
structures with wavelengths in the range AFCRL sensor. In addition, the density of
of 0.1 to 0.3 L, These as yet unexplained thermal energy electrons falls markedly at
irregularities do not show any correlation the time of such fluxes suggesting that
with the level of magnetic activity, local acceleration is taking place, depleting

I- - - - - -------------- - --- .- - - --------------
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the ambient thermal plasma. These repro- from storm-induced changes in the ther-
sent the first simultaneous investigations mal structure of the atmosphere with an
of thermal and low energy non-thermal upward expansion of ionized layers into
particles in the precipitation zone. The regions where charged particle loss rates
results observed during impulsive precipi- are much lower than at the normal alti-
tation events provide evidence for new tudes. These results are being incorporated
mechanisms for thermal particle produc- into disturbed-ionosohere models.
tion and removal in the auroral zone. A spherical eL.,trostic analyzer aboard

The dynamic behavior of the topside the polar orbiinz ISIS j satellite meas-
ionosphere during the magnetic storms ured thermal positive ions over the alti-
was studied using the Injun V, AFCRL tude range 580 to 3525 km. Simultaneous
electrostatic analyzer measurements. The ISIS I measurements of low energy elec-
ion and electron results obtained (luring trons and protons have established that
five magnetic storms over the altitude soft particle fluxes observed at high lati-
range 500 to 2500 km show that the plas- tudes on the dayside originate in the mag-
mapause and high latitude plasma trough netosheath and enter the ionosphere via
move equatorward during periods of in- the cusp regions. The ionospheric effects
creasing magnetic activity. The equator- resulting from this precipitation are clear-
ward boundaries reach a minimum value ly evident in the positive ion measure-
of L = 2.5 when the magnetic intensity IKp ments which exhibit irregular enhance-
exceeds 7+.In the vicinity of the trough ments in the cusp region. The peak densi-
and plasmapause boundary the electron ties, their latitudinal extent and the loca-
and ion temperatures exceed the normal tion of the equatorial and poleward bound-
background values by 3000 to 6000 de- aries show a st. )ng dependence on mag-
grees. The plasmapause location as identi- netic intensity variations, and follow a
fled by the satellite plasma probes agrees diurnal pattern. In the noon sector, the
with the midlatitude red arc ground based location of the equatorward boundary, AE,
observations and with simultaneous whist- correlates better with the solar wind velo-
ler observations of Carpenter. cities, V (correlation coefficient - 0.97)

The effect of magnetic storms on E- than with the magnetic indices, Kp (corre-region and electron densities at low and lation coefficient - 0.65). The following

mid latitudes was studied using the empirical relation is found by averaging
OVl-15 satellite experimental da .. For results obtained in the time period 1000 to
the magnetic storm of October -30 to No- 1230 hours MLT: AE = 85.93 - 0.026V. In

V : vember 5, 1968 in the north latitude range the morning sector, centered around
35 to 50 degrees, great changes in the 0630 MLT, AE correlates better with the
ambient charged particle densities oc- Kp indices (correlation coefficient 0.95)
curred with peak values .:orresponding to than with solar wind velocities (correlation
70 times the undisturbed values. Varia- coefficient 0.65). Upon averaging these re-
tions in positive ions correlated -ell with suits the following expression is obtained:
the variations in magnetic activity inlex A, = 80.16 - 2.52 Kp.
K , with a time lag of six to nine hours. Instruments were designed for the

STis lag is consi3tent with that reported study of de ionospheric electric fields and
for neutral particle density changes foi- bulk ion motions including the polar wind.
lowing storms, but the magnitude of the Final development and construction of in-
increase is considerably greater for the struments scheduled for flight on the Air

4 charged particles. The increase results Force Satellites STP S 3-2 and S 3-3 are
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underway. Ionospheric electric fields will
be mapped over the altitude range 300 to
1000 km and the role of electric f elds in
the generation of narrow band emissions,
current systems and particle accelerations
determined. The influence of bulk plasma
motions on the ionospheric electron and
ion distributions will be ascertained.
Although theories of ionospheric motion

at all laitudes and a ,wide range of alti-
tudes invoke the effects of high altitude

electric fields, few direct measurements of
these filds have ever been made. In 1968,
AFCRL began developing techniques for
measuring upper atmosphere de and low
frequency ac fields. In 1969-1970 four rock-
ets carrying payloads for making both
electric field and charged particle -eas-
urements were launched from Fort
Churchill into regions of auroral activity,
where theory predicts the existeme of The solar radio facility at Sagamore Hill.
relatively high electric fields. Analysis of The radio telescope in the foreground is usedyi for millimeter monitoring; the unit in the
the data is still in progress, having been eenterisusedfor3,6,and 10cm monitoring;
hampered by the necessity for precise de- the larger 28-foot antennas are used for
termination of payload attitude with re- decimeter and meter monitoring.

spect to the ambient magnetic field, and of The principal observing site of the Lab-
the vehicle potential with respect to its oratory's radio astronomy and satellite ob-
surroundings. Methods have been devel- servation programs is at Sagamore Hill
oped to overcome these difficulties and a Radio Observatory in Hamilton, Massa-
model of the ambient electric tield in three chusetts. The observing instruments in-
dimensions has been generated. elude an altitude-azimuth mounted 150-

Since me .t serious ionospheric disturb- foot antenna, an equatorially driven 84-
ances have their genesis in flares and other foot parabola and various other units
solar phenomena, the laboratory carries on ranging from 28-foot parabolas to simple
an extensive program of solar measure- dipoles. With these antennas, measure-
ments and observations. The program has ments are made over a wide spectral
two goals: 1) to seek and establish correla- range. The site is located at an invariant
tions between solar events and ionospheric latitude of 57 degrees which place,, it suffi-
disturbances so that warnings may be is- ciently far north to permit auroral obser-
sued to operational units, and 2) to investi- rations.
gate the mechanisms which cause, and For the principal types of solar radio
factors which influence, the solar events data sought (the undisturbed sun's back-
themselves. The immediate results of this ground flux and the burst components),
"pure researe.h" part of the program is low-resolution radiometric systems are
increased scientific knowledge. The insight employed, and at Sagamore Hill a large
and comprehension gained, however, will number of radiometric systems operating
eventually lead to better and earlier warn- between 25 and 35,000 MHz routinely
ing of impending ionospheric disturbances, monitor solar activity. Since the character

i _
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of solar emission varies greatly over fre- correlated reasonably well with proton
* quency intervals as short as one octave, flux particles with energies greater than

monitoring at many frequencies is re- 10 MeV for bursts associated with disturb-
quired to produce valid spectral informa- ances on the visible hemisfphere of the sun.
tion. A burst flux density integrator at 8.8 GHz

Both the frequency range monitored has been developed and is now in operation
and the geographical coverage have been at Sagamore Hill. The relative importance
greatly expanded since the program's in- of different types of spectra, in association
ception in 1966. Data are presently being with geophysical phenomena, has been and
furnished, in addition to Sagamore Hill, by continues to be tested.
stations at Manila Observatory in the Phil- Study of the spectra also fur:,ishes in-
ippines and in Athens, Greece. AFCRL has sight into the mechanism of solar hursts
contributed equipment, advice and assist- and factors influencing the emissions. In
azie in setting up these stations, and the the most common spectrum, the so-called
laboratory maintains consultation and di- "C" type (which actually resembles an in.
rection to insure the technical adequacy of verted "U"), the shifting of the frequency
the observations. A fourt, station ih Ha- of maximum emission along the frequency
waii, is under development at present. In- scale is related to magnetic field intensity
stallation of equipment is scheduled to at the height of the burst source, for the

[ begin in late 1972. The addition of this gyro-synchrotron process. The slopes, on
fourth station will complete a world-wide the r ther hand, are determined by absorp-
network which will provide continuous (24 tic . mechanisms, energy distribution of
hours a day) observation of the sun and radiating electrons and harmonies of the
preclude missing -any of the large radio gyro-frequency. It has also been estab-
disturbances which are most useful in lished that the frequency maxima shift to
forecasting proton events, higher frequencies with increasing burst

Air Weather Service SESS (Space Envi- intensity.
ronment Support System) personnel han- Because of the operational importance
die the routine operation of the stations of the proton-event warning system, effort
and channel data to DOD operational units has oeen expended to enhance the real-
for use in, predicting and warning of solar time reporting capability by automating
events and geophysical effects such as Po- the calibration and data reporting aspects.
lar Cap Absorption (PCA) events, magnet- Major additions to the Sagamore Hill solar
ic storms, and sudden increases in total patrol equipment are now underway with
electron content (TEC). this end in view.

A promising line of study is the associa-
tion of spectral signatures with specific SOLAR POLARIZATION

A solar optical events. Early in the program
one such peak flux signature in the deci- As indicated in the previous section,
meter-centimeter range (the so-called U- study of the decimeter-centimeter U-
shaped spectrum) was evaluated and asso- shaped spectrum has led to the conclusion

- elated with impending proton events and that the magnetic field configuration in
subsequent PCA. As emphasis shifted and above the disturbed region on the sun
from simple "yes-no" warnings to predic- is an important factor in shaping the sig-
tion of the probable intensity of such nature of, and therefore in understanding
events, it was found that integrated flux the mechanisms involved in, the burst.
density (mean flux density times burst Observation of the polarization parame-
duration) of bursts in the centimeter range ters of radio emission (luring bursts offers

4> I
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one meana of exploring these fields. In- complement the polarization research at
strumentation to measure the complete set Sagamore Hill.
of polarization parameters of an incident While it is desir ble to predict geophysi-
wave has been designed-and is now operat- cal phenomena from observations of solar
ing at Sagamore Hill. flares, another program of solar observa-

The three-antenna system will measure tions goes one step further by attempting
the four so-called "Stokes parameters" of to determine whether a solar flare itself
polarization of solar radio emission at 4995 can be predicted from the behavior of a
MHz. A dual circularly polarized antenna solar active region. This work, which is
measures the total intensity and the circu- being conducted at MIT's Haystack Ob-
larly polarized component (Stokes parame- servatory, involves high resolu ,ion (about
ters I & V); two dual linearly polarized 1/50 of the area of the solar disk) measure-
antennas are oriented :'t 45 degrees with ments of brightness, temperature, and cir-
respect to each other-and measure the two cular polarization at a wavelength of 3.8
components of linear polarization (Stokes cm. Since polarization is typically at a
parameters Q & U). AFORL is also provid- maximum in the 3-4 cm wavelength range,
ing support to groups at Huancayo, Peru, the system is especially sensitive to mag-
and Sao Paulo, Brazil, who are working on netic properties of the solar regions under
Stokes parameters I & V in the centimeter observation. Furthermore, work in Japan
region (9.4 and 7 GHz). This effort will and France has shown that large flux

changes at 3 to 4 cm relative to changes at
other frequencies correlate with the fre-
queney of occurrence of proton flares.

This program has produced one of the
first two-dimensional polarization maps of
the sun ever made in the United States.

..... . 4 ........ Observations have alio been made of heat-

............ 4a.. . . ing and polarization increases in an active
*, o , solar region as eariy as one hour before a
.° ~,flare. Observations are continuing in order

S C) ...... ] . to build up a statistical basis for prediction
., * * ............ . , which will lead to improved forecasting
...... . ... ..... .. capability for operational units.

. ...... .. High resolution measurements of solar
.... ....... .. . . active regions, which are often the sites of
* , . .4..... .... disruptive solar flares, were also made dur-

* . . *ing the solar eclipses of March 1970 and
.... a ' ... *'' • July 1972. The slow passage of the moon's

. . . .. limb across the solar disk permitted very
high resolution determination of the ex-

Map of percentage of polarization (p) of the tent of the active area. In addition, the
solar radio emission at 3.8 em for October 24,
1970. The quantity p is defined as the differ- change in solar radio emission at eight
enee in the brightnes temperatures meas- different wavelengths was monitored by
ured in left and right circular polarization accurately cclibrated radio telescopes. Ra-
modes, divided by the sum of the two bright- d aelengts -
nes temperatures. This map was made u3- dio emission at different wavelengths ef-
ing the 1'Vaystack facility and is one of the fectively comes from different solar alti-
first two-dimensional polarization maps to tudes and depends on the electron temper-
be produced at centimeter wavelengths. On
the map + is left circular and - is right. ature and densitis at the altitude of oni-
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gin. From the variation in the emissions P.A CA ABSORPTION

during the course of the eclipse, the elec-
tron temperature and densities at different FAO, PROPAGATION

solar altitudes were deduced and combined -

with the information on the source extent --

to produce a three-dimensional picture of HP SIGNAL

the solar atmosphere over an active region.
The magnetic fields of sunspots in an

active region strongly influence the emis-
sion from the region. Moreover, these
fields are thought to have .major control of
the acceleration, trapping and eccape of
the solar protons which accompany a solar During a PCA event, the greatly increased
flare and which are largely responsible for D-region ionization causes strong absorption

the associated ionospheric effects. Data ob- of HF signals.

tained during the March 7, 1970 eclipse station near Thule, Greenland, programs
showed -'ome areas with strong magnetic of rocket observations from both Thule
fields, evidenced by increased intensity and and Fort Churchill, Canada, the develop-
sharper peaking in the spectrum of th(_ ment and scientific staffing of the
source. Regions with weaker and less de- NKC-135 flying ionospheric laboratory on
veloped fields .howed flatter emission spec- its numerous Arctic data-gathering flights,
tra. In total, the measurements made dur- and in the planning of and participation in
ing this eclipse have provided some quan- a major PCA observing expedition.
titative measures of some vital solar pa- AFCRL's northern riometer stations (at
rameters. Thule and Godhavn, Greenland, and, since

October 1971, Goose Bay, Labrador) are
ARCTIC PROGRAM part of the "cooperative net"--a working

arrangement with the Alaskan and Cana-
Ionospheric disturbances are greatest, and dian riometer chains. Under this arrange-
our knowledge and understanding of these ment, data obtained at any station are
conditions is least, in the Arctic. At these freely available to researchers at any other
high latitudes, emissions from solar events station, thus avoiding duplication of effort
are funneled into the earth's atmosphere and waste of funds and manpower.
under the influence of the earth's magnetic The Laboratory's Arctic program has
field, interacting with it to produce auro- now been extended by the construction of
ras, auroral absorption, PCA's, blackouts, the Goose Bay (Labrador) Ionospheric Ob-
magnetic storms and substorms, iono- servatory (to be described later in this
spheric irregularities and plasma varia- review) which began operations in October
tions, all of which degrade or disrupt the 1971. Work is also underway on a dynamic,
performance of high latitude systems, and propagation-oriented model of the polar
few of which are predictable with even a ionosphere which will reflect the latest
modicum of accuracy. developments in theory and data analysis

1 In awareness of the importance of this for the high latitude regions. Publication
region, AFCRL is continuing its extensive of this model is scheduled for January
program of Arctic ionospheric studies. In 1973.

- recent years, Laboratory contributions Although the AFCRL program includes4 have included assumption of responsibility research in all of the problem areas men-
for the riometer program at the Geopole tioned, recent major efforts have been con-

-C
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centrated on the investigation and inter- theles, their drastically disruptive effects
pretation of PCA events, and of auroral on high latitude communications and de-phenomena, particularly the auroral oval. tection/surveillance syatems make them a
The former, though infrequent, are the matter of vital concern to military plan-
most devastating and long-lived of the nets. The fact that similar effects accom-

Arctic events; the latter may prove to be pany high altitude nuclear detonationsof fundamental importance ir. correlating furnishes additional impetus to Air For-,e

polar ionospheric phenomena. investigation of PCA's.
Over the years, AFCRI, has carried on

both an intensive and an extensive study
of PCA events, culminating in Operation

POLAR CAP ABSORPTION (PCA) PCA 69 and the PCA event of November
1969, which was the most thorough inves-

The term "PCA" refers to an abnormally tigation of a PCA event -ever conducted.
high degree of absorption-sometimes As was reported in the AFCRL Reporl on
amounting to total blackout--of HF and Research (1967-1970), during this event
VHF waves passing through the Arctic AFCRL carried out a coordinated program
ionosphere in the aftermath of certain of measurements using ground-based in-
major solar flares. This high absorption is stallations, the NKC-135 flying laboratory,
due to the increased ionization produced and rocket and satellite-borne instrumen-
within the lower (40-85 kin) level of the tation. This investigation was the focus of
Arctic D region by high-energy, flare-asso- the 1971 International COSPAR Sympo-
ciated particles, chiefly protons. A typical sium which was held at Boston College,
POA commences minutes to hours after a Mass., June 16-18, 1971. AFCRL's Iono-
major solar flare (which usually originates spheric Physics Laboratory organized the
on the visible hemisphere of the sun), at-tains a maximum within a few hours after Q PRODUCTION RATE ¢m'3S, "1

its onset, and then begins to decrease slow- 1o 1o5 106
ly. Its average duration is three days, --.. ..
though periods as short as one day or as "
long as ten days have beer recorded. Ver- Ne - MEASURED
tical absorption at 30 MHz has, at times, eR *1

exceeded 20 dB. Despite the name, PCA X N - COMPUTED /
effects are not limited to the polar area; on .70
occasion, they have been detected as far 0 X-o
south as the northern United States. More
commonly, however, they occur polewards 60
of the auroral zones (magnetic latitude 64 I

degres or greater), with total blackouts . - CoiUItD-
occurring north of the auroral oval. Except
in tbeir last stages, PCA's are not usually so L-
accompanied by noticeable increases in oi- N0 - ELECTRON DENSITY cm3

ther geomagrietic or auroral activity. For-
tunatgly, sol proton events, and there- Electron ond ion densities computed from
fore P0A's, occur relatively infrequently simplified expressions derived from Polar
(approximately two per year when solar Cap Absorption (PCA) rocket data and the
activity is at a minimum, approximately 12 measured production rate (Q) compared to a1962 measurement of electron density dur-
per year when it is at a maximum). Never- ing a nuclear tet conducted at night.
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Symposium, and AV;CRL members pre- 69 and earlier research programs has iden-
sented 19 of the Symposiun's 53 papers. tified and established the primary effects,

Measurements made by the Ionospheric causes and dominant processes of iono-
Physics Laboratory durig PCA 69 includ- spheric perturbations. The development of
ed incident proton, electron, X-ray and propagation models for predicting the sur-
Lyman-alpha fluxes, positive and negative vivability of communications systems un-
ion densities, the electron density and tem- der ionospherically disturbed conditions
perature, and parameters of various minor still faces some unresolved difficulties. Res-
Atmnpheric constituents. Computer codes olution of these and other difficulties is
developed from these data describe the largely dependent on in situ masure-
preouction and los of electrons and ions ments by sounding rockets, as the opti-
and makde it possible to model ion and mum altitude for investigation is above
electron densities for an ionosphere dis- the maximum capability of balloons and
turbed by a PC ', (or nuclear) event. Un- below the minimum perigee of sateilites.
fortunately, thuse codes, which contain the Measurements of this type have hith ,rto
detailed chemistry for all the species of involved the use of large multi-exper'",...-
particles involved, require far too much rockets and the fielding of teams of highly
time and storage capacity to be operation- trained scientists, as in PCA 69. To reduce
ally useful. An approxiration known as the cost, in both funds and trained man-
the "lumped parameter" method has power, of such measurements AFCRL has
therefore been developed. In this ap- developed its Small Rocket Program.
proach, the particle population is reduced In this program small meteorological
to four species: electrons, neutrals, positive type rockets are used to conduct coordinat-
and negative ions; and the reactions in- ed rocket and propagation field experi-
volved to five: production by the source ments during early-time solar proton
(UV, X-ray, etc.), shift (electron attach- events. The rockets, instrumented with
ment to neutral, electron detachment from sioiille "electron" or "proton" payloads,
negative ion) and neutralization (electron are launched by Air Weather Service per-
recombination with positive ion, positive- sonnel who are permanently stationed at
ion recombination with negative .11. Thule. The electron payloads measure the
From this limited set of species and. ioc- ionization parameters of interest in PCA-
tions, differential equations for species namely, the electron and ion concentra-
densities can be written and useful solu- tions as a function of altitude. Energy
tions obtained. depositir n, as a function of depth of lono-

Using the lumped parameter approach spherX. penotration, is edlrived from icas-
with values of the lumped parameters urements taken by scintillation counters in
which were developed from PCA 69 data the proton payloads. The optoimum time for
and a production rate measured during the launching the rockets is determined from
19.P Atmospheric Test k Aes, AFCRL re- solar observations made by AFCRL scien-
searchers have computed electron and ion tists. When it is determined that a solar
density profiles for a nighttime (nuclear) event is in progress, the launch site is
disturbed ionosphere. The computed elec- notifie.l by telephone and the rockets are
tron and ion densities are in excellent launched at the specified time(s).
agreement with the measured values, and In April 1971, 1 iree small (Areas) rock-
the method is now being 4pplied to day- ets containing payloads to measure elec-
time and trmnsition (sunrise and stnset) tron and ion den'sity profiles, as well as the
conditions. energy spectrum of impinging protons,

Analysis of data ob~tined during PCA were launched into the early phases of a
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AWS detachments exist or where it would
* be feasible to send in a small team of

launch technicians.
The morphology (temporal and spatial

'16 B SWITICH variations) of PCA events is being studied
as part of the Ionospheric Physics Labora-

MA"K TOMETE- tory riometer program. This aspect is of
paramount importance to operational per-

Z 8 PRO B sonnel who are concerned with predicting
S ANTENNA the areal extent of the absorption region,

its homogeneity, its estimated duration
and the probable absorption values for

Y . successive days and nights. Data for this
program are collected at AFCRL-main-
tained stations at Thule and Godhavn,

L .Greenland, and the Goose Bay Ionospheric
Observatory, Labrador. Riometers meas-
ure and record the background galactic

T & noise level, which can be assumed to be
. GUARD,, constant. A drop in this recorded signal

ELECTRODE

WlAkMI PROBE Go. E dc

A-

Low cost miniaturized payload for meteoro- - -
logical type rockets (4 1/4 inches diameter
by-28 inches long) for measurement of elec-
tron and ion density profiles to 100 km --

utili-ing Z9 impedance and modified Lang-
muir probes. Flight performance is moni- It M

tored with magnetometer and baroswitch
sensors

PCA event by AWQ p1ersonnel at Thule. '

All payloads performed successfully and
good data were obtained on all experi- H.,"M-.IL
ments from launch to impact. The success I - ".
of these launches proves that, by careful __to

selection of experirients and by use of " - _
simplified -heeko'~. and recording tech-
niques, it is possible to conduct meaningful
ionospheric rocket research on a contin- POLAR RIOMETER STATIONS
uous basis with low level expenditure offunds and manpower. Moreover, the use of The Polar Riometr Network. Full and free

exchange of data among all of the stations
small rockets and the techniques and in- makes it possible to give the area fairly good
strumentation perfected in this program coverage and let various groups pursue indi-
provide opportunities for research and vidual reseach programs at greatly reduced

cost. Stations at Goose Bay (activated insynoptic investigations of upper atmos- October 1971), Thule and Godhavn arepheric parameters at any location where AFCRL'.rnaintained.

=- J.
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'vcl, therefore, indicates increased iono- ress. The necessity for choosing base-level
spheric absorption which, in turn, usually criteria in accordance with solar zenith
signifies increased electron density in the angle is particularly acute at stations like
D region-a major PCA effect. By corre- Thule where, during the winter months,
lating data from high-latitude riometer this angle is always greater than 90 de-
stations with solar particle information-- grees.

Se.g., satellite proton flux measurements in
different energy ranges-it may be possi-
ble to form a basis for short-range predic-
tions of PPA magnitude, duration and AURORAL INVESTIGATIONS
peak absor -on. Excellent agreement has
been found between daytime riometer Another major disruptive factor in trans-
measurements and the square root of the Arctic radio/radar systems is the well
proton flux for energies exceeding 10 MeV. known aurora or northern lights. Energet-

It has been observed that during a PCA ic particles, probably from the magneto-
event there is a marked decrease in the sphere, are guided by the earth's magnetic
absorption level at night, the ratio of field and precipitate into the upper atmos-
nighttime to daytime alues ranging from phere over Lhe polar regions. There they
1/2 to 1/10 (aA erage, 1. 4). This decrease in interact with the atmospheric constituents
absorpto occurs when the solar zenith to produce not only the spectacular visual
angle reaches 88-90 degrees, and the solar effects long familiar to observers in the
ultraviolet radiation in the lower levels of high latitudes, but also regions of particle-
the ionosphere is much reduced. It was, caused ionization which can cause serious
therefore, theorized that the day-night ra- propagation degradation in the form of
tio is dependent on the e'nergy of the increased absorption, Doppler broadening,
incident protons-i.e., on their depth of or deflecLion of waves from great ircle
penetration (or height of energy deposi- prolagation paths. Auroral events tend to
tion). Thus, the greater the proton energy, have complex spatial and temporal pat-
the greater should be the expected ratio-- terns and though they occu. In conjunction
a prediction borne out by the data. In a with geomagnetic activity, tae correlation
study of polar cap riometer observations is far lower than for PCA events. Thus,
completed in the summer of 1971, AFCRL they are not easily predictable, even on a
confirmed the importance of energy depo- short-range basis.
sition height as a major factor in the A fundamental entity in understanding

S..nighttime recovery effct. The study also and interpreting auroral phenomena is the
." showed that not only the energy spectrum auroral oval, a high latitude circumpolar

of the proton flux, but also the season and belt v ich contains the visible discrete
time of day (that is, the zenith angle of the aurora and is the region of greatest (visi-
sun) must be taken into account in predict- ble) auror i activity. The size of the oval
ing the expected absorption for a PCA varies with season and magnetic activity,
event. For large zenith angles-that is, its general shape is fairly constant, with
during effectively nighttime conditions-- the (north-south) thickness of the noon
even a solar event of large magnitude may sector approximately 1 '4 to 1, 3 that of the
cause only a small change in the measured midnight sector. The orientation of the
absorption, whereas a simultaneous meas- oval is fixed with respect to the sun, and
urement at a station in a daytime location 'he earth rotates beneath it once every 24
would show a variation more accurately hours-somewvhat eccentrically, since the
warning that a major event was in prog- geographic and geomagnetic poles do not
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The Auroral Oval rotates with the earth, but
is centered on the geomagnetic, rather than
the geographic, North Pole. The heavy line
below the hatched oval shows the position of
the mid-latitude trough.

coincide. The best coordinates for describ- to geomagnetic coordinates, AFCL de-
ing thu auroral oval are geomagnetic lati- veloped the Auroral C val Plotter. This
tude and geomagnetic local time, a coordi- simple nomographic device ',, now in use
nate system that has proved to be general- wherever ionospheric features are ob-
ly useful for ordering geophysical phenom- served and described.
ena which depend on the solar-magneto- A majoi factor in AFCRL's fruitful pro-
spheric interaction. To convert geographic gram of Arctic studies is the NKC-135
coordinates (e.g., of ground-based observa- flying laboratory This aircraft, instru-
tories, instrumented aircraft or satellites) mented with an ionospheric sounder, pho-
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tometers, spectrometers, all-sky cameras, noon sector of the auroral oval in darkness
and HF, LF, VLF and Loran A receivers, have shown that equatorward of the dis-
is a versatile, mobile, maneuverable facili- crete aurora a continuous aurora exists
ty capable of making measurements im- and that it is associated with an extensive
possible with ground stations or satellites, particle-produced E layer. The continuous
or combinations of the two. In investiga- aurora is subvisual in quiet magnetic peri-
tions ol the auroral oval, for example, it ods, but is seen and photographed as a
can make circumoval flights, passing structureless, diffuse, continuous auroral
through all local time sectors. Conversely, form during more disturbed magnetic con-
it can make constant local time flights, ditions. AFCRL also achieved, in the noon
making continuous observations in a cho- sector of the oval, the first quantitative
sen sector for periods up to ten hours. spatial ordering of the Arctic ionosphere

Late in 1967, AFCRL, using the all-sky and found that in this sector D, E and F
cameras in the NKC-135, photographed for layer effects fall into a predictable pattera.
the first time a pulsating brightening of Later studies proved the auroral E layer to
the polar sky whose existence had been be continuously prsent in all time sectors
suggested by photometers but never pho- of the auroral oval, and therefore to form
tographed. an unbroken "E-layer oval". In sunlit con-

Patterns of auroral sporadic E have ditions the particle-produced B layer is
been established and found to be very superimposed on the solar E layer.
closely linked to the auroral oval. Within The Arctic F region is characterized by
the oval, E, occurs approximately 75 per- a ring of enhanced ionization, rather heav-
cent of the time, and the E, layer always ily interspersed with irregularities which
occurs in a band of about 3 degrees latitu- cause the scintillations observed in ground
dinal width aligned along visible auroral recordings of satellite beacon transmis-
arcs. It has also been found that intense, sions. In addition, these field-aligned irreg-
blanketing (but short-lived) sporadic E ularities can cause strong aspect-sensitive
also occurs, but only in the sector of the clutter on radar at all frequencies. Meas-
oval between 2000 and 2400 CGT (correct- urements with a topside sound3r indicated
ed geomagnetic time). This sector is known the existence of a plasma ring, with en-
to be the "spawning ground" for auroral hanced soft-electron precipitation. Obser-
substorms-frequent, but as yet, little un- vations made by the Ionospheric Physics

1 derstood disruptions of the normal oval
pattern of visible aurora. It is probable SM, CROSS

that a sudden influx of particles is the
manifestation of an auroral substorm and
is linked to a "filling up" of the Van Allen L
radiation belts. It appears that the high 4 , ,
latitude limit of this oval maps the bound-' ,,,,CIAA".7,,
ary between the open and closed magnetic
field lines. AFCRL is presently working on
a program to map the high latitude limit

N of the closed field lines. These lines are the -
controlling factor in the motion of charged
particles entering the atmosphere. Knowl-
edge of their pattern and variations is Effect of the F-region mid-latitude troughon propagation. The trough provides a "win-crucial to the understanding of ionospheric dow" for HF radiation, and thus a dead
behavior. Airborne investigations of the range for HF communications or radar.

--- - i
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Laboratory, using the NKC-135, have now coming particle fluxes is quantitatively re-
proved that this plasma ring coincides with lated to the ionospheric electron densities
the zone of F-layer irregularities, and that they produce. These measurements require
the equatorward edge coincides approxi- rendezvous between the aircraft and the
mately with the equatorward edge-of the sub-point of a data collecting satellite. In
auroral oval. They have also shown that late May 1971, the NKC-135 and the ISIS-
there is a strong UT (universal time) con- II satellite made the first simultaneous
trol of the behavior of the F-layer in this measurements of these quantities. Numer-
region. This contxol influences the- extent ous additional rendezvous have been com-
and the positioi of both the polar cavity pie ted to date. Flight routes wete planned
and the F-layer trough. These are two so that ISIS-II was intercepted as its path
regions of dec'eased electron density-the traversed the auroral oval, th'. providing
former inclosed by the plasma ring, the additional data on ionospheric conditions
latter south of its lower boundary-which in the vicinity of this focal area.
canseriously affect the propagation paths One important problem is the occur-
of radio waves transmitted through the rence of auroral clutter in acquisition and
region. over-the-horizon radar. For 2nany years

AFCRL made the first mapping of the
entire extent of the region in which the
solar wind interacts directly with the iono-
sphere and showed it to be identical in ,

location with the dayside auroral oval. The -..

NKC-135 is being used to establish the
correlation between the optical phenome-
na and the Arctic ionozpheric layers. The

* establishment of such correlations be-
tween visible and sub-visible aurora and
ionospheric parameters is desirable be-
cause it is hoped that eventually important
parameters of the arctic ionosphere can be
inferred from optical observations.

The NKC-135 is also being used exten-
sively in conjunction with the Goose Bay
Ionospheric Observatory, for which it pro- - -
vided the feasibility study by operating . -. -
the aircraft equipment continuously for up
to four days while the aircraft was posi-
tioned at Goose Ba; Air Base. This study -
showed that Goose Bay is suitably located ., 'N,. - _._

for the purpose of monitoring some vital
sectors of the auroral oval. The station has
been established as a research tool, ,ut
may eventually be turned over to an oper-
ational unit for routine real-time observa- "
tions.

An essential factor in understanding au-
roral events is the so-called "input-output" The paais of the IS8-2 satellite and the

flight path of the NKC-135 during the satel-
measurement, in which the energy of in- lite intercept input-output experiment.
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the: poor correlation between radio aurora GOOSE SAY IONOSPHERIC OBSERVATORY
arA visible aurora has been a puzzling and
disturbing fact. A number of simultaneous The Arctic's increasingly important role in
measurements between the Ion)spheric Air Force systems planning and operation
Flying Laboratory and two .iF radar in- pointed up both our limited understanding
stallations, RADC's near Rome, New York, of this highly variable and unpredictable
and Polar Fox II in Maine, have yielded ionospheric region and the scarcity of
some iniportant insights. The resu Its so far data-gathering stations there. Early in
show that auroral radar returns are well 1971, therefore, AFCRL began the plan-
correlated with the auroral E and A- layer. ning and construction of the Goose Bay
Investigations to establih the correct Ionospheric Observatory at Goose 'Bay,
mechanisms of HF radio aurora are con- Labrador. The site chosen paases through
tinuing. that sector of the auroral oval in which

In March 1972, the first coordinated substorms and the intense, blanketing 'E
measurement program for the investiga- originate, thereby facilitating their study,
tion of infrared excitation and emission and it is at a magnetic latitude at which
processes associated with auroras was car- there exist no sounding stations--an im-
ried out at the Poker Flat rocket range portant consideration, as the.difference of
near Fairbanks, Alaska. The program, a few degrees in location can have a
called ICECAP (Infrared Chemistry Ex- marked effect on the observations record-
periments for Coordinated Auroral Pro- ed. In addition, the site is nearly "ringed"

grams) is the precursor to more extens;ve by a chain of Loran-A stations, whose
and complete investigations to be made in transmissions will be monitored and ana-
subsequent years, which will include air- lyzed, and it is in a region which is in
borne and balloon-borne measuring sys- darkness during part of every day. This is
tems. First order predictive models of the essential for operation of the photometers
physical chemistry and other prominent and the all-sky cameras in the observations
infrared effects will be developed from the of airglow and auroral spectra and of
measurements for radar/infrared comput- visible auroras. The feasibility of establish-
er code test and development. ing an observatory at the site was con-

Rocket probe and incoherent backscat- firmed by stationing the NKC-135 there on
ter measurements of the ionization created two occasions while it functioned as a
by depohition of energetic electrons in the mobile ionospheric monitoring station.
atmosphere between 150 ana 100 km show The station was installed and is being
agreement within 15 percent. The differen- operated under contract, with close consul-I tial flux spectra of the entgtic electrons tation with AFCRL. The observatory's
were also measured in this attitude inter- Digisonde (digital ionospheric sounder) is
val. From these measurements the ion pair digned to produce not only the usual
production rate was determined as a func- vertical-incidcerce ionograms, but also ob-
tion of altitude using an AFCRL-devl- ique-incidence records of backscatter (the
oped computer code. This rate is the source "clutter" on radar screens). If conditions
function used in the radar/optic predictive warrant, the sounder is capable of taking
codes to determine the auroral effects in- recordings at five-minute intervals, though
eluding ion'i.,tion, heating, "omposition intially recordings will be made every 15
changes, enisst,%, and :,citat nr. First minutes.
tests of tbz code using the measured (The Digisond2, developed and built un-
source func .ion gives an ionization model der AFCRL sponsorship, derives its name
within 15 percent of the measured profile, from the use of digital integration, storage
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S The Loran-A multi-station monitor is an
1 outgrowth of observations made duringr the NKC-135's ground operations at Goose

Bay in April and October 1970. Transmits-
... r sions from Loran-A stations in Canada's
ZMaritime Provinces were recorded. Analy-

sis of the data showed that it was possible
to tell when high absorption was present
and when spread F and sporadic E echoes
were received from the various stations.
As both the stations and the respective

, ., reflection points were south of Goose Bay,
,,I this indicated the possibility of observing

the effects of the southward motion of the
auroral oval. It was also determined that
the data could be made to yield informa-
tion on movement of the oval and it,
boundary as well as D-region absorption
and possible changes in critical frequency.
The observatory monitor will record trans-
missions from up to four stations, all at the
same (1.950 MHz) frequency, on separate
scopes each of which will be photographed

Basic Digisonde equipment. over a 24-hour period. The vertical trace
record will show the relative time differen-

and processing techniques. In conjunction ces between various ion'spheric reflec.
with phase coded pulses and pulse coherent tions. The horizontal displacement will
detection, these techniques yield better show the time of day in 720 two-minute
ionosonde records and a significant im- increments. Operation of the monitor will
provement in signal-to-noise ratio. This
makes possible better reception of echoes A
through interfering noise and extends the
instrument": range of operation at the low
frequency end. A Digisonde has been in .
operation at Maynard, Mass., since -
mid-1971, as part of the global ionospheric
sounder network.)

The Observatory's riometer utilizes a
unique four-corner reflector antenna
which permits observation of auroral (ab- " -
sorption) events in four azimuths from a
single location, thus minimizing logistic
requirements. It will be used to study the "2iZ4 .
duration and spatial extent of auroral sub- , -

storms, as a preliminary step in determin-
ing the optimum number and the best sites
for riometer stations for a warning net- Antenna configurations at Goose Bay Riom-

* woik. eter and Digisonde stations.
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be almost entirely automatic, except for and target signals which might be used to
film change and gain pre-setting. discriminate between them and thus im-

Spaced Receiver Equipment and Dop- prove radar performance.
pier Arrival Angle Spectral Measurement Pending construction of the 3000-foot
(DAASM) equipment is also located at the array and the final version of the equip-
Goose Bay Observatory. The objective of ment, tests will be made with the type of
this experiment is to investigate the fine spaced antenna system used in the drift
structure of ionosphez ic clutter signals for experiments and probing of the fine struc-
the purpose of improving the ability of an ture of the E and F regions, as reported in
OTH backscatter radar to detect a target the 1967-1970 issue of the Report on Re-
signal in the polar environment, search. HF signals in either the forward or

Also located at the Observatory are bea- backscatter mode are received at three
con satellite receivers to observe the ,parate antennas, approximately 100 me-
ATS-3 Satellite at 137 MHz using an ters apart, and their phases and ampli-
AFCRL polarimeter. This experiment tudes are recorded and compared. In the
measures the geographical extent of the final DAASM system, a digital processor
scintillating regions as a function of time will provide real-time on-site spectral anal-
and will further refine the knowledge of ysis and digitized printout of either origi-
the scintillation boundary. The experiment nal or processed data.
also furnishes fine grain data, necessary to Plans for the Goose Bay Ionospheric
integrate Sagamore Hill, Narssarssuaq, Observatory also include installation of a
and Thule data. long baseline interferometer to study the

In a novel attack on the problem of effects of irregular Arctic ionospheric re-
"clutter" as it affects OTH radar perform- fraction, and of an electronic polarimeter
ance, AFCRL will operate at Goose Bay for TEC (total electron content) measure-
the DAASM (Doppler Arrival Angle Spcc- ments. Extended and extensive studies
tral Measurements) System. In its final will be made of the auroral oval, the auro-
form, this system will utilize a 3000-foot ral absorption band, PCA, sporadic E,
broadside receiving array to pick up sig- spread F. the mid-latitude trough, iono-

* nals from the backscatter transmitter at spheric scintillations, great circle path de-
the site, and signals in the forward scatter viation6 and time delays over satellite

* mode transmitted from the NKC-135 fly- transmission of paths. These studies are
ing to the north of the station. The untiue expected to contribute significantly te the
feature of the system is the provision for development of a new and more accurate
separate processing and storing of the model of the polar ionosphere.
data from each (wide beam) element of the
array. By suitably combining the stored
data, it is possible to simulate an instanta-
neous (narrow-beam) scan of the regiop DYNAMIC POLAR IONOSPHERIC MODEL
north of the antenna, thus obtaining, in
effect, a snapshot of tOe Doppler structure The need for an accurate and comprehen-
at all northerly azimdths for a given sive model of the ionosphere is pointed up
range. A variety of gates provides for by the fact that intelligent and effective
observing several ranges similtaneously. design, planning and operation of large
The system offers a means of studying the systems, such as the OTH radars, are con-

_ fine structure of ionospheric irregularities tingent on the a-ailability of reasonably
and of seeking differences in the Doppler accurate predictions of the propagation
frequency or angular structure of clutter conditio is under which they will be re-

"I
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600 706 8 and are quite adequate for most purposes;
"' 8 2) models of the polar ionosphere are

0-wsketchy and inadequate, while ionospheric
I: I ovariations in the region are extreme and

lack of knowledge thereof is acute; 3)
increasing military operations at high lati-

\ G00HAN tude-in particular, the development of
OTH (over-the-horizon) radars-urgently

SNARSARSSUAO require better understanding of polar ion-
. v .-. "ospheric conditions. In view of these fac-

CHURCHLLJ tors, AFCRL has undertaken the develop-
A, 4e ?.!,I ment of a propagation-oriented Dynamic

\ Polar Ionosphere Model intended to meet
&KENDRA_ Air Force needs in the foreseeable future,

o UTH The model is being developed with due

-*VANMBE LERICA \ consideration for the requirements of com-
30~.*DUOR ~ ALP munications, aircraft navigation, geodesy,

ISLAND line-of-sight and backscatter radars, and
-*WHITE SANDS detection of missile launches and nuclear

/ explosions in the atmosphere. In its initial
* GRAND phases, however, it will be closely tied to
2 , BAHAMA

-K O~ the needs and the time schedule of the
proposed 4141, System.

Basically, the model will be an attempt

Location of ionospheric sounders providing to specify the polar ionosphere in statisti-
the data used in the ionospheric mapping cal terms using data already in existence
study. Stations marked * are providing data and incorporating th6 presently available
for the spatial variation study. knowledge of the physics of the region.

quired to operate. A truly versatile iono- Much of this information is qualitati, in
spheric model would not only make possi- nature, and one of the major initial objec,
ble accurate short.range predictions for a tives will be its quantification insofar as is
specific set of operational conditions but possible. A second major objective is the
would also, in statistical format, reduce determination of the most effective use of
the wide rarge of ionospheric characteris- existing data. Satellite observations havetics and variations to a compact-collection provided data from inaccessible regions

of relationships and tradeoffs. System de- and permit reasonably good estimates of
signers and strategic planners with no ionospheric morphology to be formed;
specialized knowledge of the ionosphere however, because of the altitude at which
could make effective use of such a model in they were taken the data are not directly
deciding on site locations, operating fre- applicable to certaiki important propaga-
quencies, area coverage, safety margins, tion modes. On the other hand, ground-
backup equipment required to insure a based observatories are too sparse to pro-
given level of performance, etc. vide morphological information, but their

Although Air Force operations are data are more relevant to radio propaga-
worldwide, the most urgent and compel- tion conditions. Methods are being sought
ling model requirement is for the polar to adapt both types of data for inclusion in
regions. The reasons are threefold: 1) Mod- the model. Use will also be made of infor-
els of the mid-latitude ionosphere exist mation available from high latitude verti-

.I
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cal incidence ionosondes for years of high tions of the Air Force, so that even the
(1958) and low (1964) solar activity; data results of basic or "pure" research find
from ground-based riometers are also be- almost immediate application in the con-
ing analyzed in statistical terms for inclu- struction, modification or refinement of
sion-in the model. the models on which system-designers de-

As this material is converted to usable pend for efficient planning.
form, preliminary models will be con- Some of the support is in the form of
structed, tested against suitable data and routine information dissemination. The
gradually refined. When a reasonably re- Air Weather Service (AWS), for example,
liable statistical model has been achieved, receives a steady flow of data from
actual propagation data from trans-polar AFCRL (riometer records, TEC measure-
paths will be used and comparison made ments, solar patrol data, radio signatures
with the propagation characteristics pre- and flare information, solar polarization
dicted by the model for similar geophysical measurements, notice of auroral and polar
conditions. The ray-tracing analysis proce- events, etc.), which it uses in formulating
dure developed by the Ionospheric Physics its DOD-wide predictions of ionospheric
Laboratory will be used in this aspect of disturbances and their effects on systems
the program. operations. Moreover, AFCRL's ionospher-

Because it is anticipated that operating ic mapping program was developed' in re-
problems will ari.ze for which the statisti- sponse to an expressed AWS need for a
cal model is unsuitable, a parallel effort is means of synoptically representing the
underway to develop a real-time or instan- ionosphere-a capability which could sig-
taneous model of the polar ionosphere. nificantly improve operational forecasting
This model will require that certain iono- of HF propagation conditions.
spheric properties be specified as nearly as An initial step in the mapping program

possible in real time and will require a was the determination of how often the
continuously monitoring observatory in ionosphere must be sampled in order to
the auroral zone-i.e., the Goose Bay Ion- produce usefully realistic maps. From suc-
ospheric Observatory. Both models are cessive electron density profiles, derived
scheduled to be completed by January from vertical incidence ionograms taken
1973. by a network of ionosonde stations, tempo-

Almost the entire program of the Iono- ral and spatial variability of the iono-
spheric Physics Laboratory supports, di- sphere can be assessed as a function of
rectly or indirectly, the operational fune- height. Such an assessment was made us-

L' eO0 a s00T- APRIL 1958 IsFROM BOWMANJI969) 2 - 3
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trough bared on monthly median data taken
from ESSA predictions. Contours are in A similar cross section based on ionograrn.sIMtz. Because of the averaging techniques taken in a single day. In contrast to the
emplo)ed, the trough (region of ionization upper figure, the mid-latitude trough is pro-
depletion) is barely visible. nounced.
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ing data obtained at hourly intervals from readiness-to-test program, the project's in-
mid-April through July 1970 at 16 stations strumentation and techniques must be
on or near the North American continent. continuously updated. The intense and
Both geomagnetically quiet and geomag- rapidly changing ionization, the lower alti-
netically disturbed periods were included tudes and the hostile environment in which
in the observations. Preliminary results the instrumentation is required to operate
indicate that for the mid-latitude iono- during tests demand techniques, probes
sphere during undisturbed conditions one and integrated payloads not utilized in
observation per hour is sufficient to slpecify geophysical research. Significant progress
90-95 percent of the temporal variability, in the program resulted from the develop-
whereas during disturbed periods, the ion- ment of a technique and capability for
ization varies so rapidly that observations testing the probes on small rockets in
at quarter-hour intervals are required. disturbed ionospheres, such as PCA events

The spatial variation of the ionosphere is that simulate nuclear environments. The
currently under study. Using data from six development of codes from PCA 69 exper-
of the ionosonde stations previously re- iments and their application to nuclear
ferred to, an attempt is being made to environments have already been men-
determine whether the correlation coeffi- tioned. AFCRL is also contributing to
cient between data obtained at any two DNA data on daily-occurring zones of au-
stations is a function of the distance be- roral particle precipitation to aid in plan-
tween the stations. The first tentative re- ning "input-output" experiments now in
suits seem to corroborate this hypothesis. progress.

Another form of support comes from AFCRL's contributions toward the con-
wide adoption of AFCRL-developed meth- struction of accurate models have been
ods and devices. The Auroral Oval Plotter, repeatedly pointed out. Early in the devel-
for example-a simple nomographic device opment of over-the-horizon backscatter
which uses a transparent tracing of an systems (OTH-B), the only models avail-
auroral oval overlaid on a map of the high able to system planners were highly un-
latitudes in geomagnetic coordinates--has realistic, and unfortunately provided erro-
beci, widely adopted by AWS, RADC, neous information in certain cases. In a
ESD, SAMSO, NASA, ESSA and in most recent study, using a preliminary model of
major laboratories interested in auroral the Arctic ionosphere, AFCRL researchers
predictions or the auroral environment. In were able to evaluate the probability of
another example, Kwajalein and White detection (Pd) figures obtained from the
Sands Missile Ranges, the Naval Weapons averaged models and to point out their
Center, the Space and Missile Test Center limitations and shortcomings. Subsequent-
and the Air Force Satellite Control Fac;!i- ly, AFCRL performed a more realistic Pd
ty, among others, routinely calibrate their study using curat models. This study
antenna systems and check antenna pa- provided 414L vith a more accurate Pd on
rameters using methods developed by which to base the development of the
AFCRL as well as the 2695 and 1415 MHz system. Ray tracing of the signals pointed
solar flux density values supplied by the up some of Cm;e problems which would be
Sagainore Hill Observatory. encountered. Additional studies resulted in

AFCRL's program on the physical chem- a recommendation of a suitable site for the
istry of the E and F regions is in dircet Polar Fox II experiment which is designed
support of the NWET (Nuclear Weapons to investigate OTH-B problems.
Effects Test) Program of the Defense Nu- This fruitful use of a relatively crude
clear Agency (DNA). As part of the DNA (though the most accurate currently avail-
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able) Arctic model not only emphasized the - -END CAP
need for a more accurate and comprehen-
sive version, but also provided valtable o FAR E
feedback influencing its format and on-" 30 PRE

i ~~~~~~~hancing its usefulness. N,-DLY CINCTE

Further support of OTH-B systems is DELAYED ACTION CUTTER

evidenced by the fact that many aspects of
the Ionospheric Physics Laboratory's re- BWIRE (600' ; .015)

search program are oriented toward spe-
cific requirements of the 414L system. In I'RELEASE CABLE

connection with other OTH-B work, the
NKC-135 will fly selected missions in De-
sign System Verification 'Tests, with the THRUST RING

goal of providing real-time radar propaga- BATTERY
tion information for assessment by OTH TELEMETRY TRANSMITER
systems operators.

AFCRL's involvement with missile and
rocket launch problems originated when Air droppable capsules, such is illustrated
an early prediction that a rapidly rising here, will be used to modify atmojpheric

rlectrification by injecting long wires into
rocket might initiate a lightning stroke thunderelouds.
was dramatically confirmed during the
launch of Apollo 12 in November 1969. The Before the effectiveness of this (or any
prediction was based on previous AFCRL other) countermeasure can be evaluated, a
work which had proved that, under suit- statistical determination of the percentage
able conditions of electrification, full-scale of roc.'t launches which trigger lightning
cloud-to-ground lightnino, strokes can be strokes must be made. Since it is not
initiated by thin iteel wires rapidly paid economically feasible to obtain this infor-
out from gro!.nded reels and carried to mation by launching large missiles under
altitudes of less than 2000 feet. by minia- different conditions of atmospheric electri-
ture rockets. It was reasoned that if a fication, long conducting wires will be used
missile exhaust plume were conductive to simulate the rocket plumes. To inject
over a sufficiently large portion of its these wires at the altitudes attained by
length it too might ltrigger a lightning thunderclouds (50,000 feet or more) a sim-
stroke, with attendant damage to the mis- pie eAtension of the o-iginal experiment,

" i sile. using somewhat larger rockets, will not
A Laboratory Director's Fund project suffice. The higher velocities required gen-

was initiated to evaluate Lhe lightning crate higher aerodynamic drag forces
threat to a missile and, if possible, to which can exceed the strength of available
develop a capability for reducing the haz- materials.
ard by modifying the atmospheric electri- Two alternative approaches were inves-
fication along the trajectory. One tech- tigated. The first involved dispensing the
niquc might be to deploy long wircs along wire gradually from a bobbin within the
the planned trajectory to drain off danger- rocket, as the rocket flies. A l)reliminar'
ously high concentrations of electric design, with a cable of seven strands of
charge, thus providing a "window" -23 copper clad steel stored in the ogive
through which the missile can be launched, section of a Little John rocket, was tested
before the charge can again build up to a at White Sands Miszile Range. The results
dangerously high level, showed it would be feasible to deploy sev-
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eral thousand feet of wire by this method. r."
The second approach involves dropping a .
canister from a rocket or high altitude ,
plane. In the original design, the canister 4 -
contained a spool holding 6000 feet of fine - "

steel wire, a smail parachute to slow the
descent, and a telemetry transmitter to
indicate actuai lightning strikes. These
TSAP (Thunder Storm Atmospheric Po-
tential) devices fit into a standard dispens-
er for releasing illuminating flares from
aircraft. Development tests of the devices $
were accomplished in April 1971 at the

Joint Parachute Test Facility at El Centro, 4, .
California. A field test program was con-
ducted during August and September 1971

* at Eglin AFB. Florida. The first rounds
were dropped in clear air, and strong radar

r returns demonstrated that the wires had
deployed. All other drops were made into
clouds containing cells of precipitation lo-
cated by weather radar. These cells were
considered "possible thunderstorms" al-
though there was no way of knowing if
electrical activity was present. The radar -'-" .
returns from the wires in the clouds were
masked by the returns from the clouds
themselves, and it is thought that the
telemetry signals may have been attenuat-
ed. The tests demonstrated that the sys- -
tem was mechanically feasible, but that 3
more powerful and more stable transmit-
ters, preferably at a lower frequency, -
would be desirable.

In a second generation design currently [
under development, a 1000-foot length of
metalized Mylar tape is wound into a com-
pact ball and stored in the nose of a small
sounding rocket. When the rocket is fired Two mctalized Mylar tapes wound intoshapes to fit into the rocket: these 1000 footand reaches the desired altitude, the ball is tapes will be deployed by aerodynamic drag.

ejected. Aerodynamic forces rapidly slow
and unwind the tape. thus introducing a paths produced by lightning strokes, the
long conducting filament in the cloud. It is sudden appearance of such a signal simul-
hoped to be able to track the filament tancously with the disappearance of the
inside a thundercloud, using a VHF radar, filament return would provide evidence of
since clouds are transparent to radio waves a triggered lightning stroke, avoiding the
of these frequencies. Since the VHF radar necessity for using a telemetry transmit-
is also capable of detecting the ionized ter. Tests of both the ball ejection design,
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and the VHF radar tracking technique, in the 100 to 1000 MHz spectral region.
are planned in calendar year 1972. These tests demonstrated that VHF/UHF

The application of wire-derived data to radio noise from louds consists of an ir-
the evaluation of the missile plume hazard regular series of very short pulses, extend-
requires knowledge of the effective con- ing over a considerable time period. The
ducting length of the plumes of various noise was detected at ranges of 50 miles or
large rocket motors. As the variation of more, and can be mapped in two dimen-
quasi-de electrical parameters along typi- sions with a scanning antenna. In a torna-
cal rocket plumes was virtually unknown, do-producing thinderstorm, some of the
a conductivity meter and a breakdown sources responsible for the noise appear to
electric field device were developed to ob- have been at very high altitudes. Further
tain experimental data. This equipment exploration of this method is planned for
was mounted on Atlas and Minuteman the late summer of 1972. Two directional

* V launch pads at Vandenberg AFB, Califor- antennas spaced several miles apart will be
nia, during tests conducted from October used to try to locate charge centers in
1970 through June 1971, and the conduc- three dimensions. If successful, the tech-
tivity meter was installed on the launch nique could be used for storm tracking and
umbilical tower and operated during the warning purposes.
launch of Apollo 15 in July 1971. Conduc-
tivity and breakdown electric field values
near the ground were obtained as func-
tions of missile altitude, and were convert-
ed to first-order estimates of effective con- JOURNAL ARTCLES
ducting length, using a simple electrostatic JULY 1970 - JUNE 1972
model for the action of the plume ioniza-
tion. AARoNs, J.

A corollary problem in the lightning IfF Auroral Backwatter and the Scintillation
hazard evaluation work is the detection Boundary and

Satellite Scintillations in the Hqh Latitude
and measurement of the degree of electri- F.Lar Irregularity Region
fication in thunderstorm clouds. Tradition- AGARD Conf. Proc. #97 on Rad. Prop. in the
ally, the ambient electrostatic field Arctic (January 1972)
strength is measured on the ground in a
number of locations by so-called "field AARONS, J., and ALLEN, R. S.

Scintillation Boundary During Quiet andmills" an 1 the data are analyzed to try to Disturbed Magnetic Conditiona
determine an effective charge center. J. of Geophys. Res., Vol. 76, No. 1 (1 January 1911)
However, to resolve the position and mag-
nitude of individual charge centers within AARONS, J., and MULLANSY, H., PAPAGIANNIS, M D
clouds requires a detailed knowledge of (Boston Univ., Mass.)
the field on the ground and a very large Quas Periodic Flwmtuations in the Scintillation

Index Obtained on 8 March 1970from Four
* number of field mills. Synchronous Satellites

In a possible new method, based on the Upper Atm, Geophyi. Rpt. No. 12, NOAA, Boulder,
theory that low-level electrical discharge Colo. (April 1971)
activity occurring in cloud charge centers AAONS, J., MULLNJ. P., Wiav. f. E., and
produces VHF radio noise, AFCRL scien- STEEsmcue, F. (Dan. Met. Inst., Copenhagen, Denm.)
tists, in a joint project with NASA, utilized Scaoral. Diurnal, and Magnetic Dependence
directional antennas at Kennedy Space of Ionospheric Scintillations at 64 * Inviriant
Center during August 1971 to passively Latitude

Conf. fec., Jt. Satel. Stud. Gp. Mtg., Florence, Italy;;,detect radio emissions from storm clouds (October 1971)
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AA.OmS, J., MULLEN, J. P., and Zuclms AN, L. H. ContLy, T. D., and HoBLwm, E. R. (Sp. Dalt Anal.
Scintillation Effets on Satelite Signats Lab., Boton Coll., Mass.)
Oberved Through the Polar Iloon6ihire Successive Measurements of Postiv Ion
J. of the Franklin Inst., Vol. 290, No. 3 (September Concentrations During a PCA Event
1970) Trans. of Am. Geophys. Un., Vol. 52, No. 11(November 1971)
AooNs, J., WHrMEY, It. E., and ALE, B. S.

Global Morphology of Ionospheric Scintillations Czoom, D. L.
Proc. of the IEEE, Vol. 59, No. 2 (February 1971) 19 Gigahertz 1.58 Centimeter Solar Radio

Bursts as Indicators of Proto Events
AUMED, M. (Regis Coll., Weston, Mass.), and J. of Geophys. Res., Vol. 75, No. 34 (December 1970)
SAGALYi, R. C. 71 GHz (4.2 mm) Solar Radio Bursts in
Thermal Positive Ions in the Outer Iospher the Period Julg 1967 to Decembe 1969
and Magnetospherefrom the OGO-1 Satellite Sol. Phys., Vol. 15, No. 2 (December 1970)
J. of Geophys. 11s., Vol. 77, No. 7 (1 March 1972) Solar Microwave Bursts as Indicators of

the Intensity of Solar Proton Emiswions
BEWEsaDORIF, A. B. (Regis Coll., Weston, Mazw.), Astrophys. Ltrs., Vol. 7 (1971)
and SAGALN, B. C. Forecasting the Intensity of Solar Proton
Enhancements of Charged Particle Densities Etntsfrom the Time Charactristics
Above the Polar Cap and Their Relation to of Solar Microwave Burvs
Geomagnetic Activity Sol. Phys., Vol. 19 (1971)
Sp. Res. X (Proc. of 12th Plen. Mtg. of C(OSPAR, Solar Mirmowave Bursts as Indicators of
Prague, Czech., May 1969X1970) the Occurrence s; Solar Proton Emission

BucHAu, J., WtALEN, J. A., and AKASru, S 1. Sol. Phys., Vol. 19 (1971)

(Univ. of Alaska) Solar Millimeter Bursts and Proton ERvrts

On the Continuity of the Auroral Oval Nature, Vol. 229 (1 February 1971)

J. of Geophys. Res., Vol. 75, No. 34 (1 December 170) ELGNs, T. J., and PAAAN', ?,. D. (Boston Univ.,

CAsrLL, J.P. Mass.)"AWZ . J. S o la Dispersive Motions of mospheric Irregularities, S ta a m o H i l l R a d i o O b s e r v to r y J f A m n e r s , v . o .3 , N .3 ( 9 0
Bull. of the Am. Astronom. So,. (Obsv. Rpt., . of Atm. and Terms. Pk vs., Vol. 32, No.3(1970)
1969-1970), Vol. 3, No. 1 (1 January 1971) GAS3mANH, G. J.
Fixed Frequency Solar Observations
The Reflector, Vol. 19, No. 7 (March 1971) () On the Specification ofInstan aznous Arctic

Report of Observatories, Sgamore Hill Proc. of OHD Tech. Rev. Mtg., Stanford Res. Inst.,
Radio Obroatory, AFCRL Menlo Pk., Calif., Vol. 1 (April 1971)
Bull. of the Am. Astronom. Soc., Vol. 4, No. 1 (1972) Rcent Airbon IR Results

CAmELLu, J, P., and AARONS, J. Reaction Rate Data #29, DASIAC Cth (September
Sun 1971)
1970 McGraw-Hill Yrbk. of Sd. and Tech. High Latitude Ionosphen

1972 McGraw-Hill Yrbk. of Sci. and Tech.

(C.ASrELLI, J. P, CutncE, D. A., and JoNEs, C., On Modelling the Arctic Ionosphere
SAn5, F. M., PAPAGIANWs, M. D. (Boston Univ., AGARD Coif. Proc. #97 on Rad. P-.,p. in tne
Mass.) Arctic (January 1972)

On the Clasification, Distribution, and
Interpretation of Microave Solar Burst GAsuANN, G. J., and WAGNER, R. A.
Spectra Visible Light FlMuz Affectirg e D-Layer
Dig. of 1970 G-AP Intl. Syrup. (September 1970) Rad. Set., Vol. 7, No. 5 (19721

C,'.sriw, J. P., and RxcnLit53, D. W., CAPF. GUIDicE, D. A., and CAwmLtI, J. P.
Observations of Solar Bursts at Microtoave 27Te Use of Extraterrtrial Radio Sources
and Extreme Ultmvolet Wavelengths in tMe Measurement of Antemna Parameters
J. of Geophys. Res., Vol. 76, No. 34 (1 December 1971) IEEE Trans. on Aeroop. and Elect. Sys., Vo!. AES-7,

No. 2 (March 1971)
CONLzy, T. D., and DRAPER, J. S., JARN-MEN, P. V.
(Sanders Assoc., Nashua, N. 11.) HARPtSoN, I. P., HECLU.HER, J. L, and Lxwis, E. A.
Analyris of Radar Return from Turbulent Helicopter Obervatios of VLF Radio Waves Over
High Altitude Rocket Exhaust F'unes Certain Mountains and Shorelines
AIAA J., Vol. 8 (September 1970, J. of Atm. and Terres Phys., Vol. 33 (January 1971)
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Hoaowrn, S. MuLLARRy, H., PAPAOIAG1fls, M. D. (Boston Univ.,
Calued Effects ofEectron Densitylregularity on Mass.), and AARoNs, J.
Propagation of 100 kHz Radio Waves Quasi-Periodic fluctuations in the Sai rtillat ion
AGARD Conf. Proc. No. 33 (July 1970) Index Obtained on 8 March 1970 from
Amplitude of Phase Stability of LF Wares Four Synchronous Satellits
RADC Pub., LORIG Suboom. to Invest. Eff. on World Data Ctr. A, Upper Atm. Geophys., Data or,
Loran Envir. (23 Apri! 1971) Sol. -Geophys. Act. Assoc. with the Maj. Geomrag.
The Reflection of Radio Waves byth Storm of 8 March 1970, Rpt. UAC--12, Pt. 11 (April
Lower Ionosphere at Nighttime19)
Proc. of the IEEE, Vol. 18, No. 11 (November 1971)

MULLEN, J. P.
Scintillation Ob&ervd During the ATS VHFHoRowmr, S., and THoveA. ,~. (find, and Sp. Rles. Teat of 11-12 November 1989

Ctr., Min. of Sci., Slough, Eng.) ATS Mo. Techn. Data fipt, NASA Goddard Sp. Fit.
The Ionospheric Absorption of Doicgei Ctr.., Vol. 8 (December 1970)
Whistler Waves During Nighttime Ionsheric Studied in tMe Panama Canal &on

J.~ ~ ~ ~ ~ ~ ~ ~ ~ ~~of ofAR n ers c. o.311)~Pec., Xt. Sate]. Stud. Gp. Mtg., Florence, Italy
(October 1971)

KAusdil, &t B., Cot.
Air Torce Polar Research MULLN, J. P., and BurRKnn, C. H., JR. (N. M. State
The Navigator, Vol. 18, No. 1 (1970) Univ.. Lae Oc-uces, N. M.)

A &9zort Note on Polar Cap Scintillation
Kwnun~a,.~.A., ALObserved at Thule Using the Naval Navigation
J. o Gephy. fea. Vo. 7. N.251 Spteber Satellits Syjstem IVN4S

7TAe Ionospheric Storm, of 8 March 19 70 Conf. Rme, Jt Sate]. Gp. Mtg., Florence, Italy

1971) (coe 91
PAPAGIANNIS, M. D., MENDILWI, M. (Boston Univ.,

KLODBUCHAR, J. A., and MENDILLO, M. (Boston Univ., Mass.), and KwaucnAR, J.-A.
Mass.) Simulteneous Storm-Time Increase of t&4
Model Studies of the Conrersion of Faraday IonOphvriC Total Electron Content and the
Rotation Mleasurements from, a Geostationary Geomnagnetic Field in tMe Dusk &cetor
Satelite to Total Electron Content Planet. and Sp. Sci., Vol. 19 (1971)
Cont. fle., Jt. Satel. Stud. Gp. Mtg., Floreace, Italy
(October 1971) PFISTER, W.

The Wave-Like Nature of Inhomcgencitics in
MAYFIELD, E. B., and CHAPMMAN, G. A. (Aeroap. Corp., the E-Region
Calif.), and SRAtuA, IL M. J. of Atm. and Terres. Phys., Vol. 33, No. 7 (July 1971)
Eclipse of Radio Emission on 7 March 1970 at
10 Cmy Wavelength from the Active Region PIKE, C. P.
Associated with McMath Plage 10618 Universal Time &'ontrol of th4 South Polar
Sol. Phys., Vol. 21, No. 2 (December 1971) F-Layer During the IL G. Y

J. of Geophys. lIes., Vol. 75, No. 25 (September 1970)
MENDILLO, M. (Boston Univ., Mass.), and A Comparison of the North and South Polar
KWOUCIIAI, J. A. F-Layes
Low Elevtit/n Angle Mraorenwnt8 of Total J. of Geophys. fles., Vol. 76, No. 28 (October 1971)
Electron Content Taken fromn Thule, A Latitutdinal Survey of the Daytime Polar
Greenland F..Iaycr
Conf. flee., Jt. Sate]. Stud. Gp. Mtg., Florence', Italy J. of Geophys. Res., Vol. 76, No. 31 (November 1971)
(Ortober 1971)

flAo, L. D. V. (Regis Coll., Weston, Mass.), and
MENDILL40, M., PAPAGIANXIS, M. D. (Boston Univ., SGAYf.C
Mass.), and KWBUCHAR, J. A. OGO-IJI Observations of th Thermal Plasma

Tota Elctro CotentMeauremntsVariations During Magnetic Storms
Dring Eeton Cotent 7 M1,a970urmnt Trans. of Am. Geophys. Un. Mtg. (December 1910)
World Data Ctr. A, Upper Atm. Geophys., Data on
Sol. *Geophys. Act. Assoc, with the Maj. Geomag. MlCHARDs, D. Wi CAP., and STRAKA, Ri. M4.
Sbirm of 8 March 19170, fipt. UAG-12, Pt. 11 (April Polarizat ion Mapr of the Sun aL 7.8 GHz
1971) Nat Phys. Sci., Vol. 233, No. 410 (4 October 1971)
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RUSH, C. M. Tow, K., and LomRnN7Z_, A. H.
The Behavior of the F Region A o, 2,itM 1970 Solar Eclipse Project No. S.4-F-1.0O;
America During the Manetic Dqrav.r Summary of Preliminary Results
of 28 3aN 2970 Sol. Eclipse 1970 Bull. F (1970)
J. of Geophys. Res., Vol. 77, No. 4 (February 1972,

TowA, K., Low'rim , A. H., O'BRIua, J. V., and
RusH, C. M., and ST. JoHn, D.-E., VENKATEswARAN, Wi.AN, L. A., jR.
S. V. (Univ. of Calif., Los Angeles, Calif.) Generatiin of Idealized Shirfacesfor the
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XI Solid Steno Sciance Laboratory

Modern electronics, optics, magi;etics, and

electro-acoustics, continue to change mili-

tary technology, not only in degree, but
also in kind. The impact of advanced sen-
sors, "smart"bombs, miniature microwave
delay lines, reconnaissance satellites, and
numerous other developments is amply
recognized by the systems and operationalI; arms of the Air Force. Not equally recog-
nized, however, is that all these advances
depend on electromagnetic materials andr? the sophisticated exploitation of their

properties. Also not adequately recognized
is that the technology advances of tomor-
row cannot be derived exclusively from
the electromagnetic materials of today;
the discovery of new materials must comei first.

~An electromagnetic material is matter
in any form which can generate, detect,
modulate, or otherwise manipulate electro-
magnetic energy. While matter can be a11 gas, a liquid, or a solid, the AFCRL pro-

gram is directed almost totally toward the
latter. Solid materials, either crystalline or
non-crystalline, and in bulk or thin films,
are man-made in the laboratory, charac-
teriz7ed to determine their composition, and
evaluated for properties, especially tho.se
useful to the Air Force.

Many of the long-term exploratory basic
research program3 of the Solid State Sci-
ences Laboratory were curtailed during
this reporting pen!m in favor of expanding
research efforts fundamental to immediate
Air Force problems. Among the expanded
efforts are research on new optical materi-
als for the high power laser program, ma-
terials to withstand high power operation,
materials and devices that can withstand
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high radiation doses with little or no per- rials and devices as well as the evaluation
formance degradation, ; nd devices that of fabricated components are studied.
can operate in severe temperature ex- The significant advances of the past two
tremes. Infrared sensors of controlled uni- decddes in smaller size and increased relia-
formity and sensitivity that can operate in bility of devices have been, in many in-
the extreme environments of space are of stances, partly offset by a greater sensitiv-
special Air Force interest, ity to radiation. For the study of the

This recent shift of emphasis redirected effects of ionizing radiation on materials
the programs of the Solid State Sciences and devices, AFCRL operates an irradia-
Laboratory to three major areas: electro- tion facility with a variety of radiation
magnetic materials research, infrared de- sources and related analytical facilities.
tector i-search, and radiation effects and The Laboratory uses a time sharing
device hardening. Additionally, programs process control computer for on-line con-
to improve device processing technology trol of data collection, processing, and
are pursued at a lower level of effort. The analysis. A high speed remote station links
Laboratory is organized into the Prepara- the Laboratory to AFCRL's CDC-6600
tion and Growth, Materials Characteriza- general computer facility. The time and
tion, Opto-Electronic Physics, Device manpower saved when the computer logs,
Physics, and Radiation Effects Branches. scans, analyzes, and plots data has allowed
Each of the three major efforts, however, more intensive investigations of many ar-
cuts across organizational lines to involve eas and has significantly improved the ac-
several branches. curacy and timeliness of many research

Typically, the solution of a problem in- investigations.
volving control of electromagnetic energy Much of the work reported in this chap-
requires a theoretical study to determine ter is in-house research. Because of its
which crystalline system can best provide extensive in-house facil"':es, historically,
the needed properties. Frequently, the re- the Laboratory has usea very little con-
quired crystal is not available. A new or tract assistance. During this reporting pe-
special crystal must be grown to specifica- riod, however, urgent military programs
tions, and then studied to determine its for the development 'f materials '.nd corn-
exact properties and the relation of prop- ponents for high power IR lastis and for
erties to processing. The special processing IR detector research have generated re-
and fabrication techniques frequently re- quirements best satisfied by contractual
quired must be maintained in-house be- support.
cause they are not commercially available.
Finally, many applications require a
knowledge of the effects of radiation on
the device. ELECTROMAGNETIC MATERIALS

The Laboratory's facilities for electro-
magnetic materials research are unique THERMAL IMAGINtG-A NEW CRYSTAL
within the Air Force. Almost any optical, GROWTH METMIMD: Devices such as lasers,
semiconductor, or magnetic crystal can be advanced transistors, and improved mag-
produced, either as a bulk crystal or as a nets place stringent requirements on the
single crystal thin film. Coupled closely types and perfection of electromagnetic
with the materials preparation facilities crystals used. Superior crystals, which are
are analytical techniques for determining stable under the conditions likely to be
structure, purity, and properties of these encountered in mihutry applications, can
materials. Phenomena exhibited by mate- be very difficult to produce or "grow,"

| -
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especially under carefully controlled condi-
tions. Some can be produced only at very
high temperatures. During the past two I

years, Laboratory scientists have devised
and operated a technique called thermal
imaging to produce these crystals.

The requirements to be satisfied includ-
ed: a 3000 degrees C temperature capabil-

. 1 The thermal imaging furnace refocuse., neatfrom one place (environment) to another.
The energy generated in a high-pressure
xenon are is applied to melt a material in an

- .... oxidizing, inert, or reducing atmosphere, or
• Ia vacuum.

ity, atmospheric control, ease of growth,
and cleanliness, which could best be
achieved by crucibleless operation. The

4: unique thermal imaging scheme satisfies
these requirements. A high pressure xenon
are lamp is placed at the focus of a para-
bolic mirror, which orns the light from
the lamp into a parallel beam. A second

The AFCRL thermal imaging furnace. A mirror directly above the first mirror fo-
high-pressure xenon arc lamp is placAd at cuses the parallel beam to a point. Any
the focus of a parabolic mirror (these are
both hidden in the bottom part of the fur- material placed at this point will be heat-
nace) and the light i formed into a parallel ed. If a cylinder of material is p~roperly
beam. The upper parabolic mirror, which is placed, the light will fall only on the top
the one which can be seen, focusc the par.
allel beam on whatever material iu in the end of the cylinder. The intenre light,
holder, which can move vertically. The rod however, will melt only a small amount of
extending vertically through the center of material at the to) end of the cylinder, and
the upper mirror is used to pull the crytl h material is o rte y r-
up from the molten m-iterial. the molten material is supported by sur-
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face tension. This solves the problem of Another material which has been grownmelting materials at high temperature in this furnace is in the rare earth-cobalt

without a crucible. family. Samarium cobalt has already been
It is now possible to grow a crystal by developed by the Air Force Materials Lab-

the Czochralski technique. If a small single oratory, Wright-Patterson ArB, Ohio, into
crystal (the "seed") is lowered to touch the a permanent magnet material that is far
molten material, it will begin to melt. If superior in coercivity to any now available,
this seed is slowly pulled upward, the mol- has been applied in a traveling-wave tube
ten material will also be pulled upward, for Air Force use, and has potential for
and as it. cools it will solidify into a long lightweight magnetically focused image
crystal. By proper adjustments, the crystal tubes. Such magnetic materials have many
can be made larger in diameter than the additional applications including motors,
seed. generators, and the fly-by-wire concept. In

With improvements, the present 3000 a cooperative program with AFML,
deireed tom350aere capability should AFCRL has investigated the growth of
be increased to 3500 degrees C. Also, the other rare earth-cobalt alloys whose iear-
molten material and the crystal can be acteristics are predicted to be superior to
enclosed in a transparent quartz tube those already available. Such crystals are
(through which the light can pass) and the normally difficult to prepare because of
crystal can then be grown in a vacuum, or their high chemical reactivity, but the spe-
in almost any gas. The gas can be under cial characteristics of the thermal-imaging
moderate pressure if required. technique overcame the difficulties. Sever-

Since only light is used for heating and al of these crystals with more complex unit
nothing need be in the growth region ex- cells were successfully grown, character-
cept the materials being processed, the ized, and submitted to AFML for magnetic
method is extremely clean. This technique, evaluation.
therefore, satisfies all the requirements for
very high quality crystal growth. High IR DECTOR MATERIALS: Many infrared
quality single crystals of eight different systems, especially in the visible to 3 mi-
materials have been grown to demonstrate crometer range, are still detector limited.
the capability of the technique, and work Several AFCRL programs are focused on
is now in progress on two materials of this deficiency.
special Air Force interest, yttria (Y203) A plot of the relative response of any

and certain rare earth-cobalt compounds. given detector versus the wavelength of
Yttria is a tough, high temperature ox- the light gives a curve which peaks just

ide that transmits into the infrared. It has prior to the long wavelength cutoff. The
potential use as a window for high power position of this peak is a reciprocal func-
chemical lasers and infrared detectors, as a tion of the energy gap of the detector
laser host crystal fur medium gain lasers, material. The energy gap of any elemental
and as a substrate for semiconductor appli- or binary compound detector material is
cations. Small crystals of this material essentially a constant. Hence, the peak
have been grown and furnace modifico- response wavelength is a constant and a
tions are underway to permit growth of detector fabricated from such a material
crystals large enough for characterization can give optimum detectivity only at that
studies. The thermal imaging method can discrete wavelength. For the ternary 111-V
be used to grow even larger crystals in the alloys, however, the energy gap is a func-
future L,: the use of higher power. tion of the composition of the ternary.
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% Nd.YAG Er Ho 2.7 no detector available that has good quan-
turn efficiency (> 2 percent) and a quiet
gain mechanism. Silicon avalanche detec-

/ t'Ars are currently being considered; how-
i 50-- ev6z,, they have low quantum efficiency at

the required bandwidtb. Consequently, in-
dium arsenide phosphide appears to be a
good candidate for this detector. A second"20 • / \ \.

> application is military target detection,
where an important target is the C0,i' hi T recombination radiation common to both

jet and rocket exhausts. This radiation is
- / I 3.0 at 2.7 micrometers and currently lead sul-

0.4 0.6 o. ID I Po 3. 4. fide (PbS) and indium arsenide (InAs) are
WAVELEGTH (micromft,) used for its detection. However, PbS de-

tectors are too slow for many cases while
InAs, although fast enough, gives opti-
mum detectivity at 3.5 micrometers, re-

Typical response veisus wavelength curves suiting in excess noise from the back-
for IR detectors. The peak soentivity of the g
detector comes just before the long wave- ground and excess cooling requirements
length cutoff. By using a range of composi- (required oprating temperature drops as
tion, indium arsenide phophide deectors the peak wavelength gets longer). Thus,
crn be made to peak at any desired frequen-CY. shifting to the 2.7 micrometer peak via
3' InAsP rather than the 3.5 micrometer

Thus, the energy gap of indium arsenide peak of InAs could allow operating tern-
phosphide (InAsl-,Px), for example, can peratures as much as 30 degrees K higher,
be varied between 0.35 and 1.35 eV, which and would allow entirely passive cooling of
corresponds to a variation of the peak such a detector in a satellite.
response from 3.5 micrometers to 0.92 mi- An entire range of compositions of thin
crometers. Thus, InAsi-xP, detectors can films of indium arsenide phosphide have
be tailor-made to provide peak response in been tailor made. Deposited layers of
the nightglow region and for several spe- InAsi Px on InAs and GaAs substrat's
cific types of laser-namely, helium-neon over the entire range of x(0-1) were suc-
(He-Ne), (1.15 and 3.39 micrometers), neo- cessfully prepared. The results obtained
dymium-doped yttrium aluminum garnet are applicable to three different groilps of
(Nd-YAG) (1.06 micrometers), and the eye- devices.
safe erbium (Er) (1.54 micrometers) and A 1-mil layer of n-type lnA.27P0.r,3 fol-
holmium (H D) (2.13 micrometer) lasers. lowed by a 1 micrometer layer of p-type
The las..,r sy. tems, of course, can be used InAso.2TPo.63 was grown on a p-type InAs
for illumination, target designation, rang- -ubstrate. Mesas with good geometry were
ing and communications. One application etched, and two samples with etched me-
is satellite laser communication systems. sas were delivered to the Device Physics
The system which appears best at present Branch for use as near infrared photo-
would use a gallium aluminum arsenide diodes.
(GaAIAs) pumped Nd:YAG laser which Six samples of InAsl-xPx over the (0-1)
has an output at 1.06 micrometers. This range vire prepared on GaAs substrates
system is detector limited in that there is for use in optical t,-ansmission studies de-

I
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signed to dete mine the band gap of the bismuth germanate crystals containing 0.5
alloy system as a function of x. With to 1.0 weight percent neodymiunm. Crystals
chemical polishing, approximately 50 per- containing erbium were also grown.
cent transmission (close to the theoretical Excitation &nd emission bands of these
maximum) was obtained for the band gap crystals have widths intermediate to glass-
measurements. es and YAG and may be a good compro-

Samples of InAsl_,P x on InAs sub- mise between threshold and power capabil-
strates were grown and provided to other ity. Strong fluorescent emission in the
researchers for the Aduarced Research 1.50-1.58 micrometer region for the er-
Projects Agency. They will be used in a bium-doped bismuth germanate suggests
basic properties study before being used as the possibility of a 1.54 micrometer crystal
IR detectors in the 0.92 to 3.2 micrometer laser. In addition to a strong, relatively
range. The transport data gathered will narrow line in the 1.06 micrometer region,
support Device Physics Branch detector the neodymium-doped bismuth germanate
design studies. has the added advantage of strong infra-

red excitation bands in the CW tung3ten
LASE MATERIALS: Current Air Force uti- pumping region.

lization of Q-switched, Nd-doped laser de-
vices in operations which require target MICROWAVE ACOUSTIC MATERIALS: Cer-
illumination or designation have demon- tain materials exhibit complex internal
strated a need for a medium gain/energy coupling between electric (microwave) and
storage lazer material. Materials such as acoustic fields. The materials are generally
yttrium aluminum garnet (YAG), which high optical quality single crystals of light
has high efficiency and high gain, experi- mass atoms which possess complex crystal-
ence problems because they saturate at a lographic structure. The microwave acous-
low energy per Q-switchr ' pulse. Low- tic crystals selected for device application
gain materials such as glhss provide high usually exhibit a high'Debye temerature,
energy per Q-switched pulse at the ex- thermal conductivity, and lov: acoustic at-
pense of efficiency and repetition rate. tenuation at microwave frequencies and at

AFCRL has investigated the germanate room temperature. Present and future Air
family of materials to prepare a solid crys- Force applications include surface wave
tal which can satisfy the requirements for acoustic delay lines, signal analysis and
a medium gain laser. Emphasis h.,s cen- processing, surface wave acoustic frequen-
tered on bismuth germanate (known as cy filters, microwave memories, and micro-
BIG), with promising results. wave amplifier devices.

Bismuth germanates had previously High optical quality crystals, mostly of
been prepared in other labo'atories for lithium niobate and lithium tantalate,
investigations of their electro-optical and have been synthesized for application by
electro-mechanical properties. As part of the Microwave Physics Laboratory. More
the medium-gain laser program, crystals recently, a program to synthesize large (10
doped with neodymium or erbium, with or mm cube), high optical quality aluminum
without ytterbium, have now been pulled nitride (AIN) was substituted for growth
by the Czohralski process. Undoped bis- of niobate and tantalate single crystals.
muth germanate single crystals about 38 Experiments on thin films have shown that
mm long by 15 mm in diameter and of AIN is a surface wave acoustic material
good optical quality, have been pulled. with a high figure of merit. Large AIN
Good crystal quality was also obtained in single crystals are needed for tensor anal-
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yses so that the electro-acoustic properties tride. They were identified by X-ray dif-
can be optimized. fraction, and possess the expected color

Although the chemistry of AIN is simi- and transparency. Laboratory scientists
lar to other III-V and IV-IV compounds, will attempt to grow larger crystals.
single crystals of satisfactory quality have
not been synthesized in spite of 70 years of SILICON CARBIDE: The trend toward solid
research. AFCRL studies indicate the best state optical and opto-electronic devices
wky to grow these crystals is to crystallize and applications increvsed the importance
them from solution. However, little infor- of refractory materials with band gaps of
mation is available, and aluminum nitride 2 to 3 electron volts. Although the con-
is inert to most solvents. Preliminary sol- trolled preparation of silicon carbide pre-
vent identification and growth experi- sents severe technical difficulties, no other
ments at AFCRL have produced tiny but material appears to have its potential in a
highly perfect crystals of aluminum ni- wide range of important devices. During

U 4l

Lithium niobate and lithium tantalate single
crystals grown by the Soid State Sciences
Laboratory for evaluation and possible ex-
ploitatioii by the Microwave Physics Labora-
tory cs microwave acoustic materials.

-4.
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this reporting period, a new furnace was
designed, built, tested, and began limited
operation, growing alpha silicon carbide
under controlled conditions. In spite of
difficulties in control of temperatures, tem-
perature gradients, purity, and stability of
heaters, crystals of good chemical and
physical perfection have been grown. This
success indicates that experiments cant be
performed with this furnace to lead to a
clear understanding of the growth mecha-
nism in silicon carbide and the growth
conditions needed to prepare crystals in
adequate numbers, quality, and uniformity
for deviue application research.

A liquid epitaxy technique for growing
junctions of alpha silicon car,de on alpha

Early silicon carbide single crystals grown in
new high-temperature, high-pressure fur-

silicon carbide substrates has been deve-
! ' loped.

A chemical vapor deposition (CVD) proc-
ess has been developed for far greater
control in preparing beta silicon carbide
thin films. In the previous process, methyl-
trichlorosiiane was used. In that process,
the by-product (HC!) etched many of the
desired substrates when conditions were
right for deposition. By using silane and
toluene lower temperatures could be used,
and addition of a controlled amount of
chlorine achieved the proper amount of
substrate cleaning so that single crystal

- -thin films would be deposited.
One of the major problems in growing

silicon carbide is that it exists in many
closely related forms known as polytypes.
Crystal growth and thermal annealing ex-

High-temperature, high-pressure furnace periments have clarified the nature of pol-
designed for growing alpha silicon carbide ytypism and methods to control it.
crystals. It has a temperature capability of
above 2800C degrees and a pressure capabil- HALIDE IR WINDOWS: The increasingly
ity of more than 60 atmospheres at maxi-
mum temperature. higher average power of modern iasers has



333

0 Sec 1/2 Sec

1 -U2 Sec 3-1/2 Sec

Thermal cijitortion of a 50 WV C02 hser Wa:m
by Irtran-6 (Cd L% a a function of lwsr
bteam Vxpo)Surc 'ime.



334

increased dnmands both on the laser itself,
and on the support elements of the optical
system. One support element, the window
between the laser system and the environ-
ment, has been made the subject of a
major investigation at AFCRL.

There are many criteria for window ma-
terials selection but the most important is

extremely low optical absorption at the
desired wavelength (10.6 micrometers for
a CO2 laser). Other important properties
are good mechanical strength, high ther-
mal conductivity, compatible thermal ex-
pansion, a minimum of electronic carriers
and resistan.ce to radiation damage.

One important objective was selecting,
developing, and improving alkali halides to
improve their suitability for window use.
Since poor mechanical strength is the prin-
cipal disadvantage of these materials,
methods were investigated to improve ;
their strength without impairing their op- f,,
tical properties. Three types of growth
were used for preparing crystals. Czochral- Growth of ALQLOY crystal in air using the
ski growth was used with a variety of Czochralski process.
atmospheres. A furnace without metal concentration. The result is similar to pol-
parts was designed so that a hydrogen ycrystallizing the sample. As part of this
chloride (HCI) atmosphere could be used. approach, Czochralski crystals were grown
Bridgman growth was used for most of the at concentrations varying from 5 to 75
other crystals, and a few solution growth percent NaCI. An increase in hardness did
experiments accounted for the rest of the develop, the hardness maximum occurring
crystals. in the region of the immiscibility gap,

The first method tested for improving where the greatest disorder would be ex-
hardness was to add a group II impurity. rected. The optical absorption of the re-
Tests shovld no significant increase for suiting material, however, was quite high.
potassium chloride (KCI). Adding 1/10 per- Both potassium chloride and potassium
cent calcium caused a slight increase in bromide (KBr) have very low absorption at
hardness, but 7/10 percent calcium ca.sed 10.6 micrometers, and thus appear to be
less increase in hardness than 1/10 per- promising candidates for a C02 laser win-
cent, and 1/2 percent OH caused about the dow material. They are, however, quite
same increase in hardness as 7/10 percent soft. The third method for obtaining
calcium. stronger materials with adequately low

The second hardening method is based absorption was tested by growing several
on solid state immiscibility. For example, mixed potassium chloride-potassium bro-
equal parts KCI and NaCI would form a mide crystals by the CTochralski process.
solid solution crystal when first grown, but The hardness of soli solution crystals is
on cooling, the solid solution would decom- double that of pure K' and almost triple
pose into two immiscible solids of varying that of KBr. Optical absorption tests
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showed that the halide was strengthened cannot perform at higher powers or more
without loss of optical quality. This mate- extreme conditions. Consequently, a
rial is now designated ALQLOY 1. search is underway in cooperation with

The final hardening method employed other aboratories for other superior mate-
was the use of grain boundary production rials, or combinations of materials. Three
to strengthen the material. Grain bounda- major material categories are being stud-
ries were produced by applying pressure ied at AFCRL: advanced halides, chalco-
for specific lengths of time to heated single genides, and pniuddes.
crystals or boules of the material. This Although the common alkali halides
Pressure Induced Recrystallization (PIR) have been thoroughly investigated, other
process produced polycrystallinity without halide systems remain relatively unknown.
producing impurities at the grain bounda- One such series, consisting of compounds
ries. Initial results with KCI indicated that of alkali halides with alkaline earth hal-
optical quality was not impaired in the ides, is being studied within the Laborato-
process in spite of a grain size near 10.6 ry. A preliminary assessment of one such
micrometes. system, that between KCi and CaCI2, indi-

Of the several methods for hardening cates that a one-to-one compound does
halides investigated, the most desirable exist. In initial experiment-,, the mnaterial

are solid solution hardening and polycrys- proved to be very hygroscopic and would
tallization. Present studies involve the probably resquire an environmental protec-
combination of these two methods. tive coating for window use. Other sys-

tems of this series are also under study in
SECOND-GENERATION WINDOW MATERI- order to identify and produce less hygros-

ALS: Although the pressure-recrystallized copic compounds.
alkali halides will be one acceptable mate- The chalcogenides appear to be the most

r rial for high power window materials, they promising candidates for second-genera-
tion window materials, although their
growth problems are more severe. Re-
search is proceeding in two areas. First is
the study of solid solutions of 11-VI com-
pounds, principally cadmium selenide-cad-
mium telluride, which is expected to form
uniform crystals. Preparation of these will
be by growth from a melt. The proportion
of cadmium selenide will range up to about
20 percent.

The second research area is a study of
ternary chalcogenides. The sulfo-salts,
which include proustite and pyrargyrite,
will be prepared and studied.

Studies of the pnictides initially empha-
sized gallium phosphide (GaP) and indium
phosphide (InP). However, work on the
GaP-InP solutions originally selected will

The PIR procem. KBr crystal on left is cut not be pursued since they do not iook
into cylinder (center) and reconstituted as a promising. Boron phosphide and boron ar-
hardened window, on the right, by the use of senide have been obtained and crystals of
properly cnntrolled high-temperature, high- sewn
prenure procesing. these will be grown and evaluated.



336

diffraction coupled with computer simula-
tion of X-ray Laue patterns are used to
determine crystalline structure and
whether the materials are single or poly-
crystalline.

The evolution of a new or improved
material also requires an understanding of
the defect distribution. In particular, the
distribution of dislocations, which are line-
ar defects in the crystal, is important in

determining the electrical and optical
properties of these materials, since the

dislocations act as traps for free carriers or
as mobility barriers. Proper manipulation
of dislocations by judicious selection of

cdthermodynamic variables can sometimes
laser sources developed at AFRL, havee
been uped to evaluate new laser materials number of grain boundaries.
containing transition metal and rare earth Linear defects can be studied directly by
ion ensitizers and activators. The mono-
chromatic lines available in laser b allow s- transmission electron microscopy or X-ray
lective excitation of speciic impurities, and topographic techniques. Often, the applica-
the directionality of laser radiation facili- tion of these methods, particularly to die-
ttes scanning of small regions of materialy li and insula in a rials refor impurity concentration and distribution b ectraeproidem io rtion r excir-

quires the development of new methodol-
CHARACTERIZATION OF MATERIALS: Con- ogies and techniques. An example of this is

tinuing quality control is required to en- X-ray Differential Depth Topography in
sure that the material being produced is which the crystal orfientation, Bragg re-
exactly the material specified. Defect or flection, and wavelength of the X-rays
trace element chemistry as well as chemi- used control the depth from which the X-
ca! and structural properties are studied ray3 are reflected in the crystal.

on a continuing basis. Emission spectrosco-
py is used for routine analysis, spark OPTICAL SPECTROS;COPY: Optical L.rans-
source mass spectroscopy for studies of mission and reflection measurement- are a
defect chemistry at the part- per billion standard me hod used at AFCRL for de-
level, and neutron activation analysis tech- termining ene -gT band gaps, impurity lev-

niques for those systems in which matrix els and !attice vibrations of semiconduct-
e.ffects obscure the defect chemistry. ing and insulating materials. Fluorescent

Often, when a crystal has been selective- band spectra provide information or, excit-
ly or gradient doped, or when processing ed impurity levels, effect of the host lat-
or material usage has resulted in an unde- tice, conversion efficiencl-es, and other
sirable dopant distribution, the electron characterization parameter. New tech-
microprobe is used to determine the con- niques develotrmd in the Laboratory use
tent and geometry of selected :-purities. CW lasers instead of conventional lamp

Defect chemistry is only one facet of sources and have improved the sensitivity
characterization. Crystalline phase, struc- and extended the capability of fluores-
ture, and crystallin~ty are also necessary cence spectroscopy. Coincidences between
for complete understanding of the materi- laser lines and impurity absorption bands
al. X-ray powder diffraction, and elecyron exist throughout the ultraviolet, visible
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free carrier absorption limited. This re-
veals the localized vibrational mode spec-
tra, without the complications introduced
by diffusion of a second impurity system.
Aluminum, silicon, and phosphorus irapuri-
ties in gallium arsenide were studied by
this means. Absorption bands correspond-

-ing to these impurities were identified, and
their strength correlated with impurity
concentration. The technique was also
used to study the characteristics of ion
implants. Aluminum, silicon, and phospho-
rus (Al +, Si+, and Pi+) were each implant-
ed into GaAs and the localized mode bands
were investigated as a function of heat

On the basis of line width and excitation treatment. The percentage of interstitial
cap.aLbility determined from this type of and substitutional ions were determined
memaurement, Nd8+* Bi4 Ge.O 12 has been this way as a function of anneal tempera-
selected as a potential medium gain laser N i
material. ture. implanted into GaAs aLo re-

vealed an absorption band. Previously, this
and rear infrared, so that the high power impurity could not be detected in GaAs.
of L, ser radiation can be used to excite Infrared optical transmission measure-
fluore.'cence from even very weak impuri- ments have proved to be a rapid character-
ty alkorptions. Fluorescence spectrome- ization technique for identifying various
ters cou '-.d with laser sources have been impurities and defects introduced during
used to evluate new laser materials con- crystal growth, irradiation, or implants-
taining tran.3ition metal and rare earth ion tion procedures.
sen'itizers a id activators. The monochro-
matit lines available from lasers allow NEUTRON DAMAGE IN GAI .UM ARSEN-
selective excitation of zpecific impurities, IDE: Heavily doped GaAs has been increas-
and the directionality of laser radiation ingly used in semiconductor lasers and
facilitates scanning of small regions of diodes for Air Force weapons and guid-
materials for impurity concentration and ance systems. These GaAs devices rely on
distribution. This type of measurement high carrier concentration, typically 1018
was used in selection of neodymium doped to 1010 carriers per cubic centimeter. Pre-
bismuth germanate as a potential medium vious radiation damage studies on less

q gain laser material, heavily doped GaAs have shown that high-
energy electron and fast neutron bom-

DEFECT CHARACTERIZATION OF SEMICON- bardment drastically reduces both the car-
DUCTORS: Defects in semiconductors, ei- rier concentration and the mobility. These
ther in the crystal as grown or irradiation quantities are usually calculated from
induced, were characterized by localized measurements of resistivity and Hall coef-
vibrational mode absorption. Electron irra- ficient. The latter becomes difficult or un-
diation can compensate the dopant even reliable in heavily doped material. To over-
for heavily doped materials, which have come this obstacle, the technique of deter-
large free carrier absorptiuns, and increase mining the electrical properties from the
the infrared optical transmission to the infrared optical reflectivity spectrum was
point where it will be lattice rather than developed.

1"
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Samples of n-type GaAs, with 6 x 1018 gations identified the distortion niecha-
donors per cubic centimeter, were irradiat- nism as obsorption of laser energy, leading
ed with 1 MeV electrons or reactor neu- to non-uniform heating of th6 window by
trons. Optical measuremenits showed that the beam. The heating leads, in turn, to
with increasing fluence the free carrier non-,uniform .efractive index changes, aid
reflectivity edge moves toward longer bulging of the vindow faces. As a result,
wavelength, indicating a decrease in the the window acts as an aberrating lens with
carrier concentration. Simultaneously, the ill-defined focal properties, an effect re-
slope of this edge decreased, a combined ferred to as "thermal lensing."
effect of carrier removal and mobility re- Thermal lensing effects were observed
duction. A computer program fit of this in a variety of experiments. For the initial
data yields the carrier concentration and qualitative measurements, a CO2 laser
mobility. beam passed through a window and im-

Tha removal rates in n-type GaAs are oingcd on a thermal phosphor screen. Mo-
three carriers per electron and ten carriers tion pictures of the spot visible on the
per neutron. In addition, neutron irradia- screen provided a vivid demonstration of
tion of p-type GaAs with 4 x 1019 holes per lensing effects. Quantitative results were
cubic centimeter removed 40 holes per also obtained by direct measurement of
neutron. The mobility deteriorated about the beam profile, utilizing a beam scanner
ten times more rapidly under neutron irra- and pyroelectric detectors.
diation than u:.der electron irradiation. A simplified theoretical basis for predict-
The mobility decrease is due to an increase ing lensing effects and competitively rat-
in scattering centers with fluence. This ing candidate window materials was de-
increase is exponential for electrons, linear sired as soon as possible. A geom.3trical
with neutrons in n-type GaAs, and shows optics approach was developed. Materials
saturation at low fluence levels with r- were rated on the basis of the length of
type GaAs. Isochronal annealing experi- time they could mainfain a diffraction lim-
merits after electron irradiation show one ited spot in the far field. Predictions
major recovery stage between 170 and 230 showed that alkali halides were, in gener-
degrees C. No such stage was found after al, substantially superior to semiconduc-
neutron irradiation. tors and glasses. The theory not only pro-

Infrared optical measurements can be vided ratings, but also allowed identifica-
used to determine the electrical properties tion of the crucial material and configura-
of other semiconductor matterials whenev- tional parameters influencing lensing.
er heavy doping impedes the use of electri- Small absorption coefficients and changes
cal measurements. of the refractive index with temperature,

and high thermal tonductivities were
LEI4 ING IN Ia WINDOW MArRIALS: The found most desirable to reduce lensing.

significance of thermal distortion effects in The theory also showed that lensing could
limiting the performance of windows for bhzcome the dominant failure mechanism in
high power lasers became widely known many laser windows, even at relatively
during this reporting period. Therefore, in low operating powers.
conjunction with its overall program to Because lensing is important, a more
develop and characterize high power laser rigorous and elaborate theory was formu-
window materials, the Laboratory has lated, to account for interference and dif-
begun an extensive program of theoretical fract;on effects. The theory, employing a
and experimental inve.stig.tion of thermal vector Kirchoff d'ffraction approach, pro-
distortion effects. Early theoretical in vesti- vides a detailed prediction of the transmit-



339

ted intensity throughout space and for all applications. In the regime where the tern-
times, once the system parameters have perature of the sample is linear with time,
been specified. To compute the lensing at one may rate materials-by comparing how
arbitrary times, it was necessary to solve long it takes for the maximum ir the
the equation for heat flow in the window, transmitted intensity to decrease to some
Various computer programs were devel- specified fraction of the initial value. The
oped to do this. These programs were then longer the Lime required for this degrada-
interfaced with specially developed corn- tion, the better the material performance.
puter programs for vector diffraction op- Interferometry was also used to investi-
tics. Detailed studies of lensing in a ,Ade gate lensing. This sensitive technique ena-
variety of materials were carried out using bled direct observation of the thermally
these programs. induced changes in the optical path length

The theoretical program successfully in the window. The number of fringes
made quantitative predicted ratings of the moving past a reference point can be
performance of candidate window materi- counted to provide a quantitative measure
als, as a basis for their selection in actual of the path length chuage. Interferometry

Id -

Transmitted intensity in the focal region
versus abstract on-axis coordinate U and
radial off-axi3s coordinate V, for a rarrow
Gaussian beam incident on a thin circular
lens of an optically isotropic material. The
four figures correspond to increa.ing ab-
stract time C. The degradation and focal
shifting with increasing time are evident.
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OPTICAL PERFORMANCE EVALUATION OF feature is a bellows sample mount which
LASER WINDOW MATERIALS AT 10.6 MICROMETERS allows accurate positioning of samples so

(Po 500 W/cm2, Lo = 2 cm) that different parts of the sample can be
Characteristic dgradation time t.9 (sec) placed in the beam. A 5-watt stable CO2

Amplitude proporinal to laser is directed either through apertures
e_1 2r?1a2  .r2/a 2  e-3r2la2  to limit the beam or through a germani-

0 0 0 0 um-focusing lens. Both the initial laser
KBr 3220 2450 1680 power and the power transmitted through
KCI 83 68 63 the sample are measured with a disc type
NaCI 190 104 8 calorimetric power meter. ThermocoupleKI 125 78 3
CsI 36 16 6 voltages measured during thermal rise and
CsBr 27 12 4 decay periods are amplified by a de nano-
CdTe 16 7 3 voltmeter and recorded. The equipment
KRS-5 7 3 1 was designed for evacuated adiabatic calo-
ZnSe 2 .9 .3 rimetry, but the %vindows can be removed

aAs 2 .6 .2 and measurements made in air. When both
InSb .6 .2 .1

6 .2 .1 rise and decay rates are properly consid-
TIGlass 1173 1 .5 .2 ered, comparative measurements give

TI Glass 120 1 .4 .1 identical results in vacuum and air. Also,
I rtran-4 .6 .4 .1 elimination of windows removes the possi-
I rtran-6 . .1 .02 bility of scattering laser radiation from

window surfaces and allows a more sensi-
tive determination of bulk or surface seat-
tering occurring within the crystal.

has been found useful in studying absorp- Sample surfaces are prepared either by
tion coefficients and stress-optic coeffi- polishing or cleaving. The results are most
cients as well as in direct evaluation of the reproducible when the thermocouples are
merit of window materials, attached either to optically polished or as-

grown surfaces. Thermocouples are usual-
CALORIMETRIC MEASUREMENTS: A very ly placed on opposite sides of the sample

small non-uniform change in window tem- equidistant from the laser beam. The pres-
perature, well below that necessary f.,
cause structural damage, produces enough
variation in index of refraction to result in
thermal lensing and eventual defocusing
of the laser beam from a target. Materials
with absorption coefficients of less than -.. '
0.001 per cm are required. Absorption coef-
ficients in this range cannot be measured
by conventional transinissitin sp.ctroscopy,
which i- limited to values greater than 0.01
per cm for a sample one inch long.

Calorimetry is used at AFCRL for meas-
uring small absorption coefficients at 19.6
micrometers. The calorimeter consists of a
large alu~minum cylinder with feed-

throughs for thermocouples, evacuation Calorimetry equipment for measurement of
ports, and mounts for windows. A special small absortion coeftcients.
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ence of scattered laser radiation which have a value of 0.008 per cm near an
produces direct heating of the thermocou- imperfection. A CdTe sample used in a
ple is evidenced by a steep slope in the study to compare calorimetric values ob-
thermal rise curve just after laser turn-on tained by different laboratories was
and a corresponding slope in the decay scanned and found to have variations from
curve after turn-off. Good agreement of 0.10 per cm at the center to 0.03 per cm
thermal rise and decay rates for thermo- only 5 mm below the center.
couples placed on opposite sides of the Some of the absorption coefficients de-
sample is also an indication that direction- termined here have been tabulated. The
al scattering is not present. absorption coefficients given Pre for sec-

Typically, exponential rise and decay tions of samples which do not contain flaws
curves are obtained when the laser heats or other localized regions of strong absorp-
the sample for a q#ivon period of time and tion or scattering. The condition of the
then is turned off. The heat absorbed in the reflecting surface is also tabulated.
sample is deterPined from the sum of the
rise and deqa slopes measured over the
same temperature interval. For most sam-
ples the sum of the rise and decay slopes INFIARED DETECTOR RESEARCH
are nearly constant over the temperature
range of measurement unless some other Studies of basic detection mechanisms, de-
mechanism such as scattering is operative. tector material development, integrated

One important aspect of characteriza- optics, radiation effects, and sensor system
tion is the measurement of small samples hardening, all contribute to development
and small regions of larger samples tW of advanced detectors for the Air Force.
determine homogeneity. The calorimetrk Physical phenomena which may provide
measurement equipment has been devel- detection mechanisms must be investigat-
oped to do this, and measurements have ed, a current knowledge of the state of the
demonstrated that imperfections can pro- art in infrared devices and their operation-
duce scattering of the laser radiation and al environments must be maintained, user
regions of higher absorption in a crystal. organizations must be alerted to projected
Sections of a relatively pure KCI crystal of threats, and research to eliminate detec-
0.003 per cm absorption were found to tor-caused problems must be carried out.

Absorption Coefficients of Present State-of-the-Art Window Materials

Sample Surface Condition Absorption Coefficient
/3A(cnf')

KCI* Polished 0.0007
KCI (Polytran) " 0.002
KCI.32 KBr.G8 (AFCRL) Cleaved 0.002
KBr Polished 0.003
CdTe " 0.003
CdSe (ARL) " 0.016
ZnSe " 0.05
GaAs " 0.12

"High Purity Sample
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improved. Because most detectors lose sen-
sitivity rapidly as the signal frequency
increases, they cannot be used in high
speed, high resolution mconnaissance sys-
tems or optical communications systenms.
Detectors are too expensive for some large
scale uses, such as passive interdiction sys-
tems or "smart" rockets and bvmbs. Tacti-
cal systems could benefit greatly from ad-
vanced detectors because factories, truck
engines and even men emit significant
amounts of infrared energy, making cov-
ert and nighttime operations possible.
Ideally, tactical aircraft should have a for-
ward-looking passive imaging system toSyte wo esring detector spectral re-sponsivitym achieve first pass night attack capability.
The "front end" of such a system would

Guidance for the program comes from consist of 100 to 500 detector-amplifier
several sources. System Program Offices at channels scanned across the scene in front
Wright-Patterson AFB, Ohio, the Space of the aircraft with a moving mirror sys-
and Missile Systems Organization, Los An- tern. Typical detector costs today are $500
geles, California, and especially knowl- to $1,000 each or $50,000 to $500,000 per
edgeable individual scientists and engi- "front end" focal plane, so that cost alone
neers are contacted regularly. Environ- can limit significant deployment. Finally,
mental programs at AFCRL are often lim- many detectors are sen! tive to radiation
ited by the state of the art in sensors. effects such as those produced by weapons
Guidance has been derived from both the or trapped particles of'the Van Allen belts.
Rocket Readiness Program and Project Other detectors are easily degraded by
Hi-Star. Laboratory personnel are mem- relatively low level laser radiation. Thus,
bers of the Special Devices Working there is a need for innovative work leading
Group, which coordinates imaging device to low cost, increased reliability detectors
development research for the Director of that can. lead to such results as long range,
Defense Research and Engineering, the high reliability missile detection, large for-
National Materials Advisory Board Corn- ward-looking infrared (FLIR) systems,
mittee for Electromagnetic Detection Dc- nighttime "smart" bombs, and passive de-
vices and the DNA Basic Mechanisms tection modes for RPV's. AFCRL has ini-
Working Group (Optical Systems), also tiated a detector program to develop new
gives program guidance. Finally, Labora- detector concepts, develop new detector
tory scientists forecast future Air Force materials, develop integrated optics, study
detector problems and possible solutions, radiation effects in detectors, and study
based on in-house studies in detection sensor hardening so that we will have a
physics, materials, and radiation effects. basis for such a technology.

Although available detectors often oper-
ate within a factor of 2 or 3 of their DETECTOR CHARACTERIZATION: To evalu-
theoretical maxima, there are still critical ate overall detector performance, to study
needs for continued detector research to operational mechanisms, and to communi-
meet future requirements. System reliabil. cate with the manufacturers and users of
ity, radiation hardness, and ability to oper- infrared detectors, one must know many
ate with a minimum of cooling must be characteristics of the device in question.
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NEW SEPAKMDUCTOR MICROSCANNER of silicon-based detectors to be extended to
-TE CAM-ACISTIC DISPLAY A"AU-TU-

longer wavelengths.
X" To produce barrier contacts, the surface

DEM/ of a sample is carefully prepared by etch
'r; 'k polishing, washing, and final oxide remov-I K -,-14~ al etches, done in laminar flow clean

__"_ benches. Samples are then pland in an
VERTC AL ultra-clean high vacuum system where

metals are evaporated through a precision
.S mask. To prevent contamination, the vac-

____L & uum system is oil-free and rough pumped
T2 I"= S , = TTo with liquid nitrogen sorption pumps. Preci-

fm osion metal masks or standard photolitho-
SSystem for measuring microscopic unifori- graphic techniques are used to define thety of photorespone, device geometry. Electron beam, thermal,

Spectral response, rise time, noise signa- or sputtering metal sources are used.
ture, temperature dependence, and equiv- Detector spectral response is determined
alent circuit parameters are some of the using a monochromator system with a split
important characteristics. In addition, in a optical output beam which compares the
program studying radiation effects, there device under test with a calibrated ther-
must be a capability for fabricating special inocouple. The ratio of the two signals
samples as well as a capability for measur- gives the detector spectral responsivity. A
ing radiation-induced defects and their computer has been interfaced with the
secondary modifications of detector char- system to record and analyze detector data
acteristics. Sample preparation at the Lab- automatically.
oratory may include epitaxial growth, in- Noise data are taken in a special screen
tegrated circuit techniques, ion implanta- room facility which is both electromagnet-
tion, and vacuum evaporation processing. ic and induction shielded. High resolution
The first three are discussed in other parts current-voltage and capacitance-voltage
of this chapter. Vacuum evaporation is characteristics are measured. Microscopic
used to apply metallic contacts to semicon- uniformity of photoresponse can be meas-
ductor substrates, to form microscopically ured. An example of a response contour
thin surface alloys and form surface inter- caused when a processing defect resulted
connection patterns. Metallic contacts may in reduced efficiency extending into the
be ohmic for simple electrical connection central region of the detector is shown.
or they may form barriers at the surface Two powerful tools for determining the
which are electrically active. The latter details of radiation-induced defects are
contact is known as a Schottky barrier and thermally stimulated current measure-
has been studied in detail at AFCRL be- ments and thermal capacitance transient
cause of our belief that it can be exploited measurements. The number of induced de-

e in producing high performance, low cost, fects in the crysta,, their energy level and
reproducible detectors. Schottk contacts their capture and emission cross sections
can be used to form electrical junctions on can be determined from these measure-
semiconductors which do not allow p-n ments.
junction formation, they can be formed at
room teraperature, which is important be NEW DETECTOR CONCEPTS: State-of-the-
cause many detector yield problems are art dctectors have low yields, poor within-
caused by high temperature processing, array uniformities, low reliability, and
and finally, they allow the photoresponse very high costs, In addition, very few (le-
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one of its research goals. Schottky photo-
diodes are very reliable, reproducible, and
uniform. It is also clear that they could be
produced at low cost. Also, they can be
fabricated both singly and in very large
arrays, as integral parts of silicon mono-
lithic circuits.

The program has accomplished several
important objectives: The cutoff wave-
length of a silicon photodiode has been
extended from 1 to 5 micrometers, and the
response could be extended to 20 microme-
ters. A room-temperature single element
detectivity of 4 x 1010 em-Hz11 2 watt - 1 has
been achieved. A theoretical model of the
photoabsorption process including thin
film and phonon scattering effects has been
developed. The first reported silicon ava-
lanche detector has operated beyond 1.2

Typical response contour measured on mi- micrometers wavelength. Finally, 2 GHz
croscopic response s stem. optical modulation has been successfully

detected.
tectors have wide bandwidth electrical ca- An elemental quantum efficiency compa-
pabilities. Most of these difficulties are rable to those in state-of-the-art devices is
caused by the use of critically balanced the only program goal which has not bee.,
semiconductor materials that cannot be achieved. The highest efficiency measured
prepared reproducibly and which are very in the Laboratory for a metal-photoab-
casy to damage during processing. There- sorption device is 3.5 percent. Optimization
fore, in a radical departure from conven- might give an additional factor of 2. Typi-
tional detector design, the infrared photo- cal quantum efficiencies are 0.2 to I per-
response of metal barriers on silicon sub- cent. Conventional detectors have typical
strates was investigated. These detectors quantum efficiencies ranging; from I per-
differ from conventional devices in that cent to 70 percent with typical values in
photoabsorption occurs in a metal rather the 20 to 30 percent range, although it is
than ir. a semiconductor. Uniformity, high difficult to get large arrays with efficien-
reliability, low cost, compatibility with sil- cies higher than 10 percent because of
icon integrated circuits, performance processing uniformity limitations.
equal to state-of-the-art detectors, and In spite of this limitation, Schottky de-
very fast response, were the advantages tectors may exceed the performance of
sought. These advantages were possible state-of-the-art detectors when used in
because the devices were based on silicon large arrays. This optimism is based on
technology, the basic operating mechanism t, :o important properties of these detec-
did not depend on. ilicon or metal impurity tors: their photoresponse is more uniform
densities, and they operated only by ma- than for present conventional detectors,
jority carrier processes. Majority carrier and they have already been developed and
operation eliminates most of the proces- can be applied immediately to silicon inte-
sing-dependent degradation mechanisms grated circuits. These factors will allow
which have plagued other detectors. construction of large element density two-

This program has now achieved all but dimensional arrays. These arrays could be
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the retina of an electron beam accessed solid structures. Operating devices are
vidicon or could be an all solid state array made using both linear integrated circuit
which would be read out by any of several processing techniques and laminar epitax-
integrated circuit techniques. ial crystal growth. The resulting struc-

If we assume a state-of-the-art FLIR tures are functionally analogous and
system having 30 percent quantum effi- geometrically similar to the highly success-
ciency and a square array Schottky barrier ful microwave acoustic devices.
system having 0.3 percent quantum effi- Our first effort in this area is the Zone
ciency we can compare overall efficiencies. Plate Photodetector study which is using
We assume equal sized detector elements silicon monolithic processing to fabricate a
and equal flux densities at the focal plane zone plate lens on a silicon Schottky bar-
of each system. If the output is a standarl rier device. These devices are expected to
television raster, we require 512 lines with focus energy from a large input aperture
512 resolution elements per line. The to a small electrical aperture on the same
Schottky barrier system would use a semiconductor chip, resulting in a signal
iquare detector matrix which stares at the gain. Focusing of energy from a large to a
target, while the conventional FLIR sys- small aperture has been demonstrated 'is-
tern uses 512 detectors in a line, and a ing a collimated infrared microscope. Loss-
spinning mirror scans the scene across the es, apparently due to geometrical toler-
detector line, so that each target is sam- ances, and much more importantly, duc to
pled for a dwell time equal to the frame attenuation of the 1.15 micrometer beam
time divided by 512. If the system is either in the silicon substrate, have prevented
background or shot noise limited, the sig- realization of the expected signal gains.
nal-to-noise ratio will be proportional to The dominance of loss by attenuation was
the square root of the number of particles demonstrated by cooling the detector,
counted per frame for each element. The which increased the semiconductor energy
comparative signal-to-noise ratio would be gap and in turn decreased the absorption
512 times the Schottky detector quantum cutoff wavelength, resulting in a 40 per-
efficiency, divided by the conventiona , de- cent increase of the zone plate detector
tector quantum efficiency, and this is ex- response in relation to a reference detec-
pected to be about 2. The overwhelming tor. New designs which will circumvent
advantage of the proposed Schottky bar- these problems must be evolved. Theoreti-
rier system would be its lower cost. Sav- cal zone plate studies have shown the pos-
ings factors as great as 100 may be possi- sibility of using more complex metalliza-
ble with equal performance. The front end tion filters for coding and identification.
of the Schottky barrier system would be One exarmple is a detector which delivers a
one camera tube or one integrated circuit, peak signal when two preselected wave-
as opposed to 512 individual detector-am- lengths are coincident on the detector. The
plifier pairs. A-so, the moving mirror sys- theoretical effort in the study has shown
tern would be eliminated, further reducing that the zone p~ate structure is analogous
system weight and complexity. The i'asic to a multi-element antenna where proper-
device studies are complete; what remains ties such as directivity can be defined and
is the exploitation of their special proper- controlled. A second phase of tne program
ties. in which laminar optical waveguides will

be grown epitaxially has been initiated.
INTEGRATED OPTICS: Studies in integrat-

ed optics are concerned with the genera- BASIC RAD'ATION EFFECTS IN DETECTOR
tion, modulation, directing of flow, and AND SENSOR HARDENING: These studies
detection of optical wavelength energy in seek to determine the basic mechanisms by
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fetkt I Therm-Modhnic l support Air Force development of radia-
tion-harden electronic systems.

DISPLACEMENT EI-S: When a semicon-
Cny RI ductor material is ,subjected to energetic

- radiation, two tyxs of radiation effects! J [ t Intknith can occur. Lattice atoms may be displaced,
.- __r at _, causing permanent effects, and ionization

e effects.

Deb oDfets Lithium-doped silicon shows promise for
Dwk Lr. tin Bon r alirel Et. on Electroni

cakes use in radiation-resistant solar cells. The
Laboratory studies the unconventional
permanent displacement effects in this ma-
terial, to develop a physical model which

p ewill explain the electrical behavior of the
Principal effects of nuclear radiation o elcG- material in terms of lithium-defect inter-
tronic devices, act :ons. A model was developed on the

which ionizing radiations affect detectors basis of Hall effect and resistivity meas-
that operate in the 10-micrometer spectral urements made before and after both irra-
region and the modifications caused by diation and heat treatment. Infrared ab-
permanent radiation damage. Studies in- sorption measurements, also support this
clude theoretical modeling and experimen- model and provide microscopic detail. Re-
tal verification. Emphasis is placed on de- suits are consistent with a precipitation-
termination of signal loss mechanisms and like interaction between lithium and neu-
experimental verification, the relationship tron-produced defect clusters. The most
of ionizing noise spectra to defect density, important determination was that, for
energy and cross-section parameters. The every neutron per square centimeter im-
results of these studies are used to analyze pinging on silicon, approximately 200 lith-
the radiation sensitivity of AFCRL envi- ium atoms per cubic centimeter are re-
ronniental sensors and to make these sen- quired to neutralize the damage.
sors as radiatiun-resistant as the state of
the art will permit. CHARACTERIZATION OF DEFECTS: Simple

displacement damage occurs when a lat-
tice atom is displaced from its normal
position, leaving a vacancy. A defect com-

RADIATION EFFECTS AND DEVICE plex is formed when an impurity otom in
HARDENiNG the crystal combines with the vacancy to

form a relatively stable structure. These
All solid state sensors are vulnerable to defect structures are effective charge car-

ionizing, radations from nuclear weapons. rier trapping centers, and cause a general
The proliferation of solid state devices has degradation of the. crystal electronic prop-
aggravated the. problems which the Air erties. The irradiation damage in a crystal
Force must overcome to keep vital systems can be determined by measuring charge
operational even after exposure to nuclear trapped by defects in a manner analogous
radiation. Devices used on satellites are to the measurement of charge stored in a
exposed to radiation in space. The Labora- parallel plate capacitor. Usint this capaci-
tory program fills gaps in the knowledge tance measurement technique, defect
of radiation effects on solid state devices to structures havte been characterized accord-
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ing to introduction rates, ionization ener- customary classifications of materials as
gy, and charge carrier capture parameters. insulators or conductors are not reliable
These characteristics determine the trap- guides to the magnitude of radiation-in-
ping effectiveness of the defect, and the duced currents generated in solids. For
susceptibility of semiconductor devices to example, at high photon energies (more
the effects of radiation. than one million electron volts), the radia-

tion-induced current in silicon dioxide,
RADIATION-INDUCED ELECTRON TRANS- which is normally considered an excellent

PORT EFFECTS: When a beam of X-rays or insulator, can be several times greater
gamma rays passes through a solid it pro- than that in gold or copper. At X-ray
duces energetic recoil electrons. Most of energies, the radiation-induced currents in
these are projected in the same direction materials may differ by as much as a
as the primary photon beam, carrying both factor of 1000.
energy and charge away from the initial This difference in radiation-induced cur-
interaction site. Any given electron travels rents can produce a number of very dam-only a short distance before it loses all its aging effects in electronic devices. Wh..

energy and comes to rest. However, since indueed curt ents in adjacent materials are
electrons are continuously generated along very different, there will be a net flow of
the entire path of the primary beam, the both energy and charge irto or out of the
net result can be viewed as a continuous region near the boundary between them.
flow of charge and energy throughout the Thus, the energy deposited in the transi-
solid. The magnitude of the secondary tion region can differ markedly from that
electron current varies from one material deposited in the material away from the
to another due to differences in the proba- boundary. An accurate estimate of the
bility that a photon of a given energy will energy deposited in the material by radia-
first release an electron and second, that tion is the starting point for predictions

V, the electron will scatter in the backward concerning the response of electronic sys-
direction. Since the scattered electrons tems.
possess more than a million times as much Wheh one of the materials at a bounda-
energy as ordinary conduction electrons, ry is an insulator, large charge densities

may build up. The electric field resulting
RdjI.uW.= ?td.n qutsT. Rttutt e R n-bn from this process can seriously interfere
To oft,, A .nIMiz3 Mm2jtao OE*o Con rits, necJ4 comp with the operation of electronic devices.

Wuast I t tcarrierwri Finally, at a solid-vacuum boundary, an

Au a fn r jiM wiy VMery intChf ivna electron current will be projected into the
owuss rer Wi _ lasmvoiu normally insulating vacuum space, thereby
.I? rci n W ,VINBaeM Dw ai , n providing leakage paths which can inter-
Pc h l_ CM .,s, E,,,s ' fere with electronic systems not directly

oy e ,"W r exposed to the primary radiation. Near the
PCIr end of this reporting period, a Laboratory
F ft curn 'I

"
r IWQIC,,. ,. . sthin Bra,", V0. program of experiments and calculations

produced the first reliable assessments of
ti the nature and magnitude of secondarylip C.reufr Rcwtc on Tuo ,, W ,or .Pr.tng Ff ,a I .piti electron transport effects of this type.

__ In Did~tde Frt 0416cs l~hrt |nlwhts Rid

Energy deposition, electron emission,
and charge accumulation were studied in

Table of device hardening techniques and some detail. The conventional experimen-
their resulting design and e.ectrical charac. tal and computational techniques for do-
teristic compromis. termining these radiation-induced trans-
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port phenomena ignored boundary effects nomenon, charge accumulation at material
and yielded results applicable only to ma- boundaries, is still in its early theoretical
terial more than an electron range away and experimental stages. The information
from any boundary. This was done even available is still insufficient to allow a

* though solid state devices have dimensions determination of tUe degree of agreement
such that critical device elements are al- between theory and experiment, and ex-

, ways within the transition region where perimental techniques to examine certain
transport effects dominate. The boundary facets of the theory are still being devel-
effects were not accounted for becauze oped. However, several interesting obser-
experimental data and reliable theoretical vations have been made. In boundary re-
amlculations were lacking. Laboratory gions where excess energy is deposited, the

scientists developed experimental tech- injected charge is negative, and in energy-
niques and applied them to a wide variety depleted regions, the charge is positive.
of material combinations and incident pho- The sign of the injected charge may
ton energies to relieve this situation. One change more than once as a boundary
finding is that the energy deposited in a region is traversed; e.g., positive-negative-
low atomic number material adjacent to positive. Although these effects will have a
one of higher atomic number can be more strong influence on dielectric behavior, de-
than a factor of 10 greater than that tailed knowledge of this phenomenon and
obtained by the usual dosimetry methods. its effect on systems response must still be
It was also found that the energy deposi- gained.
tion profiles in a given pair of materials
change radically with beam direction, that HARDENING OF QUARTZ: When a preci-
microu-thick layers of high atomic number sion quaztt oscillator is subjected to ener-
materials are sufficient to produce an ef- getic radiation, it will shift in frequency
fect in adjacent low atomic number mate- and may even cease to oscillate. For cer-
rials, and that the deposition profile ob- tain spae and missile applications, the
served is extremely sensitive to the inci- transient and permanent frequency shifts
dent primary photon spectrum. Computa- of commercially available oscillators are
tional techniques were de'.,eloped which not within acceptable limits.
seem to predict most of these effects. The At the request of SAMSO/Aerospace
practical consequences of electron trans- Corporation, the Laboratory began re-
port phenomena are now being studied. search to develop quartz crystals which

Experimental data were needed to ver- can be made into radiation-resistant oscil-
fy eyisting electron emission calculations. lators, to devise non-destructive and non-
Little information was available because irradiative test procedures, and to achieve
the measurements were difficult to make. some understanding of the physical mech-
Electron yields are !ow at the X-ray inten- anisms involved in the radiation processes.
s.ties available in the laboratory, necessi- Eight different types of quartz materials
tating considerable judgment in the selec- were investigated. The frequency channges
tion and design of instrumentation. The of the 5 MHz, 5t0 overtone, AT-cut, tom-
first absolute measurements of electron perature-controlled oscillators were moni-

4 distributions over the X-ray energy range tored as a function of 10 MeV electron
were made in this Laboratory. Initial com- irradiation to a dose of 106 rads. Electro-
parisons with computer calculations indi- diffused, swept, electronic grade quartz
cate that differe'nces exist. The studies are was found to be the hardest to radiation.
now directed towards rs,.lving these dis- Acoustic lo3s, or reciprocal Q, measure-
crepancies. ments were performed on resonators be-

Investigation of th'- third transport phe- tween 4.2 and 500 degrees K, before and
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after irradiation, and changes in frequency include: type of radiation, energy distribu-
were correlated with changes in Q spectra. tion, time dependence, and relative inten-

A 3 charge impurity substituted for an sity. Field tests utilizing actual nuclear
oxygen atom in the quartz (SiO2) lattice detonations would be ideal, but are usually
needs a 1+ ion for charge compensation. not available when needed and are expen-
This could be provided by hydrogen, so- sive. For these reasons, the approach has
dium, lithium, or potassium. Both (luring been to supply relatively monoenergetic
the sweeping and irradiation processes, the sources of specific typtJ of radiation, in
original charge compensation is disturbed order to sort out the effects of various
resulting in changes in Q spectra and in component parts of the total environment.
frequency response during irradiation. For In accordance with this approach the
radiation hardness, in addition to sweeping various sot rces listed in the table satisfy
and tb._ elimination of sodium and lithium different simulation requirements. The
impurities, it is necessary to include potas- Van de Graaff serves as a 1.5 MeV neutron
sium within the crystal. This large ion source, the Pulserad simulates intense
blocks the channels along certain crystallo- pulsed X-ray environments in the 1-2 MeV
graphic directions and prevents motion by range, and the linear accelerator is a
the smaller ions. Usually, uncontrolled or pulsed 10 MeV electron accelerator which
even controlled impurities in a crystal are can be used to simulate gamma radiations.
detrimental to device operation, but in this Steady statt: gamma requirements are sat-
unusual situation, the controlled addition isfied with the Co-60 source and steady
of specific impurities is essential to the state electron requirements are met with
successful operation of the device, the 1.5 MeV Dynamitron. Electrons are

Infrared absorption spectra in the 2.5 to commonly used for simulation purposes
3.5 micrometer region reveal vibrational even though there are no primary elec-
complexes, substitutional and interstitial trons in the nuclear environment. The as-
impurities, changes caused by irradiation, sumption is made that if the same amount

and changes caused by sweeping. Distin- of energy is deposited in the test sample in
guishing features in the optical speetra the sane time interval, then simulation is
were measured for all types of quartz. achieved. This has proved to be a reasona-
Various types of quartz can be distin- ble assumption. However, c:Lre must be
guished by their IR signature, and a non- exercised when dealing with new devices
irradiative and non-destructive test of and modified environments.
sweeping is now possible. The radiation facilities in the Laborato-

ry constitute the most complete simulation
RADIATION SERVICES AND DOSIMETRY: facilities available in the Department of

Operating conditions for solid-state devic- Defense for in-house researchers, defense
es can include exposure to radiation. Lab- contractors, and other DOD agencies to
oratory simulation of space and nuclear perform laboratory experiments. Many
radiation environr..ints is an *mrportant groups used these facilities extensively to
aspect of the radiation effects program. satisfy system requirements for radiation
The iadiation facilities of the Solid State hardness. Programs directly related to Ad-
Sciences Laboratory were designed to vanced Ballistic Reentry Systems
meet basic research needs, and to simulate (ABRES), Poseidon and Hardened Power
radiation environments of specific interest Suppl. projects have been performed here.
to the electronic system designer. The linear accelerator fulfilled the radia-

Simulation of nuclear weapons environ- tion roquirements for most of this work,
ments is difficult because many parameters and the Co-60 source was used for back-up
can vary in a nuclear event. These would dosimetry and steady state gamma re-

4:
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APCRL RAD.ATIO .N 5ORCES

AINKATON SO=CE TYP OF RADIATIMt eMY OUTpw

Van de Graaff Electrons, Protons 1153.0 0-50Wpa
& Heavy Ions MeV
Neutrons via nuclear 1-14 MeV
reactions

Dynamitron Electrons 0.3-1.5 10 ma
MeV

LINAC Electrons/X-Rays 3-43 MeV 2 amps
pulsed or04 ma (avg)

Flash X-Ray Sources:
Febatron X-Rays 300 keV 500 amps
Pulserad Electrons/X-Rayo 2 MeV 20,000 amps

CobaltM Sourec Gamma Rays 1.25 MeV 12,o0 curies(Aug.. 72)
Positive Ion Electro-s, Posi- 300 keV

Accelerator tive Ions

quirements. Approximately 80 percent of beryllium. Results agretd with predictions
the available radiation time is used for in- based rn ionization ch.tmber measure-
house programs. These programs include ments of dose perturbatiois in aluminum
radiation effects studies on experimental made in this Laboratory, with:n 5 percent.
electxonic devices, electron-induced emis- Also predicted und demonstrated was a
sion studies, impurity effects in neutron- strong response dependence on the direc-
irradiated semiconductor materials, and tion of the gamma ray beam.
ion implantation studies.

Facility personnel are also conducting a HARDENING OF ELECTROMAGNETIC DE-
radiation dosimetry program. The re- VES: Few electronic devices were origi-
sponse of Co-60 irradiated N/P silicon so- naily designed and tested for radiation
lar cells was measured as a function of the resistance, but many military systcmins
atomic number of the medium adjacent to must function in a space or nuclear weap-
the cell and the direction of the gamma ons environment. Thus, the great gains in
ray beam. Previous work in this Laborato- reliability and decreased size resulting
ry has demonstrated dose perturbations at from the use of solid-state devices were
the interface of materials of different partially offset by a much greater sensitiv-
atomic number. Placing various thickness- ity to all kinds of radiation.
es of aluminum between the adjacent ma- Semiconductor devices are sensitive to
terial and a silicon solar cell had the effect radiation because they depend on a deli-
of moving the cell to virious locations in cate charge balance, high crystalline per-
an approximate monatomic nun.bered me- fection, or both, for proper operation. Be-
dium. The solar cell response was deter- cause both of these qualities are altered at
mined with this technique at various dis- relatively low radiation levels, electronic
tances from the interface for gold and systems may malfunction at much lower
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radiation levels than would be required to radiation requirements, but also for meet-
cause structural damage to a missile or ing future contingencies in an efficient
satellite. A transistor radio made with manner.
wide-base, low-frequency transistors
would stop playing after a radiation dose PHYSICS OF DEVICE HARDENING: The sci-
which would not incapacitate a man until ence of electronic device hardening seeks
sever! days later, even though it would to design devices so that they depend as
probably be fatal. Fortunately, most of little as possible on materials properties
these hardening problems can be solved, if that are sensitive to radiation. The chang-
they are known to exist. Shielding, which es in operating characteristics induced by
would effectively eliminate the problem, is radiation vary considerably w ith the type
usually too heavy to apply to all systems. of device and the nature of the ratiation.
More sophisticated approaches must be Transistors display all three principal
used. categories of radiation damage: displace-

AFCRL is taking long-term and short- ment, ionization, and thermomechanical.
term approaches to hardening semiconduc- The principal cause of displacement dam-
tor devices. The long-term approach seeks age is fast neutrons. which cause minority
to modify materials and material interfac- carrier .ifetin, r -eduction and carrier re-
es so they are less affected by radiation. moval. They al.o cause mobility reduction.
Before this can be done, a basic under- a second-order effect. X-rays and gamma
standing must be gained of why material rays cause permanent ionization damage
parameters are affected by radiation. The by causing charge to build tip in the oxide
short-term approaches are to design semi- and transient effects by generating pho-
conductor devices so that they are less tocurrents. The transient effects caused by
affected by material property changes, and very high dose rates are usually handled
to find and use in circuits these semicon- by circumvention techniques in the elec-
ductor devices which are electrically useful tronic system. The extent of transistor
and resistant to radiation. degradation due to displacement and ioni-

To meet present and future Air Force zation depends strongly on the transistor
needs, all semiconductor devices should be type, while the extent of thermomechani-
hardened to the maximum practical ex- cal damage does not dejiend on the transis-
tent, or at least the theory and techniques tor type, but depends mainly on packaging
to harden them should be developed, since and metallization, which are common to all
devices which seem sufficiently hard may transistor types.
not be adequate in harsher environments When bulk material parameters are
in the future. Not only are design radia- modified to decrease their sensitivity to
tion levels increasing, but requirements on radiation, changes in the geometry of the
the allowable degradation of devices at the structure are usually required as well, ei-
present levels are also becoming more ther to mintain the same electrical char-
stringent. Recent requirements imposed acteristics as before the device was rede-
on the Zener diode, which had been consid- signed or at least to ensure that the clec-
ered very ratiation resistant, specified trical characteristics are still useful.
such small allowable changes in electrical Fortunately, hardening against one type
characteristics under radiation that har- of radiation actually assists in hardening
dening of the device became necessary, agaipst another type. For instance, gald
and theory and techniques did not exist. doping a bipolar transistor to minimize
Therefore, theory and techniques should neutron-induced permanent gain degrada-
be developed, not only to meet today's tion also reduces gamma-induced transient
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photoctirrents. Further, most device har- high power. Silicon power transistors re-

dening techniques lead to a better under- quire many design compromises, even if
standing of device materials and proces- radiation effects are not considered. High-
sing techniques, and to better, more relia- current devices are usually designed with
ble devices. For example, very small base thick base regions and large junction areas
width bipolar transistors, needed for radia- to dissipate large amounts of heat when

tion hardening, are being investi ated for necessary. However, bipolar devices har-
extending the frequency response of bipo- dened to neutron irradiation must have
lars. low minority carrier lifetimes in the base

AFCRL scientists have studied the nu- regions, so that even for low frequency
merous requirements, the numerous radia- operation, the base must be thin, if the
tion environments, the feasibility of shield- device is to have useful gain. Thus, a
ing against some types of radiation, the uniform, thin, large area base region is a
necessity of circumventing high dose rate- requirement for radiation-hardened power
induced transients, the radiation sensitivi- transistors, and the designer faces a diffi-
ty of existing devices, and their hardening cult problem. Satisfactory solutions have
potential (based on a detailed comparative been achieved by very careful design and
studyi. It was found that the most serious balancing of various fabrication parame-
deficiencies existed in devices and inte- ters. This has necessarily involved im-
grated circuits hardened against neutrons proved process control. As the power dissi-
and gamma rays and designed to operate pation of a transistor increases, the related
at the two extreme power levels, high problem of second-breakdown becomes
power and micro-power, and also in linear more critical, since thermal generation of
integrated circuits. These are still the most carriers in the base region is involved.
serious problems, but the AFCRL program Neutron irradiation aggravates this situa-
has significantly lessened the deficiencies tion, since it causes lower current gain
in research and exploratory development, with its resulting decrease in efficiency,

further increasing the power dissipation
HARDENW POWER TRANSISTOR: Consid- for a given power output. Although tran-

erable design and testing effort. at AFCRL sistors have been developed that satisfy
vas applied to optimum design and param- most specifications, there are still prob-

t ter testing of bipolar transistors to handle lems. Power bipolar transistors had pre-
viously been designed for optimum neu-
tron hardness. However, there are still

~ serious burnout problems associated with
internally generated photocurrents caused
by high dose rate ionizing radiation.

.. LINEAR INTEGRATED CIRCUITS: Commer-
i • cially available linear integrated circuits

-' -. are much more sensitive to radiation than
digital devices. Because linear circuits are
usually designed for very high amplifica-i • : -:tion, they operate at lower current levels,
and active elements with high gain and
long minority carrier lifetimes are re-

A collection of radistion-hardened devices quired, which result in "inherently soft"
developed in the Solid State Seences Labo- devices. Lypically, non-standard current
ratory.



353

The epitaxial junction field effect devices
which we-e used in the first model. of this
device did not have the very closely
matched characteristics desired for the in-
put differential amplifier stage. Ion im-
plantation is currently being employed to
deposit a diffusion source for the input
JFET's and has yielded devices with the
desired matched characteristics and ampli-
fiers with offset voltages of less than 5 mv.

HIGH TOTAL DOSE EFFECTS: Most studies
rP of radiation effects on semiconductor de-

vices have used dosages of less than 106
rads. The Laboratory has attempted to

__ 
,  understand theoretically and determine

,______________ ......... _ _ 'experimentally the per-anent degrada-
tion effects in bipolar transistors due to

This is the first radiation-hardened integrat- ionizing dose levels up to 108 rads. The
ed circuit. This operational amplifier is
unique, not only because it is hardened, t radiation degradation due to ionizing ra-
also because it is the only suceraful example diation was characterized as a function of
of a monolithic MIS device with mixed JF collector current (injection level) for a
FET and bipolar technology applied to the
same chip. number of bipolar devices. In many devic-

es there was more than 90 percent degra-
elements such as lateral p-n-p transistors, dation in current gain for a total gamma
supergain transistors, pinched base resis- dose of 108 rads for collector current near
tors, collector resistors, and collector junc- the maximum current gain.
tion FET's are used. The most obvious Numerous bipolar device types were ex-
method for hardening the devices is first to posed to Co-60 gamma radiation in the
eliminate the circuit elements with the AFCRL cobalt source. The devices were
greatest susceptibility to radiaion, such as irradiated passivel without bias to three
lateral p-n-p junctions, and then apply dose level.. 106, 107, and 108 rads, in silicon.
other standard hardening techniques. The Dc current gain as a functio,. of collector
Type 770 Operational Amplifier, developed currecnt and base-emitter voltage as a
by AFCRL and one of its subcontractors, is function of collector current were meas-
the only balanced hardened operational ured. These measurements were made us-
amplifier (hardened against gamma rays, ing special test equipment which records
gamma dose rate, and neutron flux) known the log of the current gain, and the base-
to the Laboratory. to-emitter voltage versus the log of the

This operational amplifier employs SiO2  collector current directly. Extensive total
dielectric isolation, thin film resistors, pho- dose tests have been performed on Metal-
tocurrent compensation techniques, and Insulator-Semiconductor (MIS) and JFET
junction field effect transistors to achieve devices to radiation levels of more than 108
radiation hardness. The 770 is, in 1972, the rads gamma and to 1016 neutrons per
only monolithic MIS device which employs square centimeter.
JFET and bipolar technology to obtain
optimum electrical and hardness charac- ZENER DIODES: Because diodes operating
teristics from both device technologies, in avalanche arc used for voitage regula-
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tors in many military systems and because as EMP, both external and internal, and
avalanche diode oscillators have great fu- very high dose rate effects, are not suffi-
ture potential, experimental and theoreti- ciently well documented or understood for
cal information was needed on the trans- devices hardened against them to be deve-
lent radiation response of diodes operating loped.
in avalanche breakdown. The usual diode
response model does not apply, because a
diode in avalanche behaves like a voltage
source, rather than the current source it PROCESSING TECHNOLOGY
resembles under other operating condi-
tions. Experimental solid-smte device research

Silicon diodes with breakdown voltages requires an up-to-date processing facil'ty.
from 5.7 to 85 volts were exposed to ioniz- Crude prototypes made for research pur-
ing dose rates from 107 to 8 x 109 rads per poses simply cannot provide meaningful
second for a wide variety of bias conditions data. For this reason, the Laboratory
near and in avalanche breakdown. The maintains a state-of-the-art semiconductor
effectiveness of various hardening tech- processing capability and also works to
niques was determined experimentally. advance the state of the art.
The transient response of specially de- Silicon and GaAs single crystal slices are
signed, neutron-hardened, temperature- readily obtainable from commercial yen-
compensated, voltage-reference diodes dors; therefore, the Laboratory does not
was determined to evaluate the consisten- work on developing processing technology
cy of permanent neutron and transient for these materials. Epitaxial layers on
ionizing hardening techniques. The effect single crystal slices are also available com-
of the temperature compensating junction mercially; therefore, the experimental va-
on transient current was determined for per phase epitaxial growth reactor in the
zero-temperature-compensated diodes. Laboratory is used to work on special
The transient response of voltage regulat- procn-sing problems. At the end of this
ing diodes was evaluated as a function of reporting period, it was being used to
the circuit providing bias current to the study epitaxial growth in windows, areas
diodes as well as the impedance of the where the epitaxial deposit is mased by
circuit that the reference diode drives. A oxide and occurs only where the oxide has
model appropriate to diodes operating in been etched off. Since very thin layers (less
avalanche breakdown and in ... ionizing than 0.5 micrometer) are not available
radiation environment was formulated. commercially, they are also being studied

with this reactor. The Laboratory system
OTHER 1I:TS: Our efforts thus far have has been designed for versatility. For ex.

been directed primarily toward hardening ample, by changing the incoming gases
particular general-purpose semiconductor and the growth temperature, we can clean
devices which preliminary analysis indicat- the silicon slice by etch removal of a thin
ed could be hardened by standard semicon- layer and then, without removing the slice
ductor technology. By applying available from the reaction chamber, deposit n- or p-
knowledge of the effects of radiation on doped silicon and also pyrolytically seposit
general-purpose semiconductor devices an oxide or nitride film to c- or the silicon
and silicon material, semiconductor physi- if this is necessary in device processing.
cists have now approached the silicon de- When epit-axy is used in the latter stages
vice hardening limits for some of the pri- n. device fabrication, it is important that
mary radiation effects. But, problems such both etching and growth take place at as

Vf
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low a temperature as possible to minimize 0
redistribution of dopants already present.
Either high purity liquid silicon tetrachlo-
ride or gaseous silane is used for silicon /. <f '..-
epitaxy. Hydrogen is normally used for
dilution rnd as a carrier gas for silicon '/,'

tetrachloride. However research into the
thermodynamics of the epitaxial reaction / , --
has shown that when high purity helium
replaces part of the hydrogen, the reaction
temperature for both etching and deposi-
tion can be reduced.

MOTOLITHOMAPY R: The use of light-
senlsitive, etch-resistant emulsions to de-
fine m;nute areas is the basis of modern /
semiconductor device processing. While /"

mvst devices can be processed with the . //
state-of-the-art capability of about 2.5 mi-
crometers line width, two devices, micro- '

wave acoustic delay lines and the zone - - "
plate detector, require control of dimen--
sions to 1 micrometer. This has been done
for acoustic delay lines by pressure con- Oxide pattern for zone-plate photodetector.tacing and prccessing one device at a
time. The zone plate detector, described in recovery, and the introduction of defect
the section on infrared detector research, levels in the forbidden band were studied
places a radically new control requirement for silicon. First-order problems such as
on photolithographic processing. The zonc the relationship between implant energy,
plate requires alternate rings of equal area dose, ion species, implant temperature, an-
so that in the photoresist exposure, both neal temperature, ion distribution and
wide and very narrow (1 micrometer), lines electrical conductivity in silicon have been
must be defined at the same exposure discussed i past reports. In gallium arsen-
-etting. To acnieve the result shown in the ide it is these first-order effects which are
picture, every step from the initial art- being investigated.
work through each reduction has reqtired Phosphorus-diffused diode structures are
sepaate optimization of exposure times. used to investigate lifetime degradation
Five ring zone plates with appropriate and defect level introduction in silicor.
ring width have been achieved, but further The diodes are implanted at sufficiently
compensation and optimization will be high energies so tlat the ions penetrate to
needed to achieve structures with greater the region immediately beyond the june-
light-gathering powex. tion. Minority carrier lifetime is measured

with the diode reverse recovery technique.
ION IMPLANTATION: This technique for Carbon ions were used to study damage

precihe doping of semiconductors has been effects, because the atomic mass of carbon
used here for studies with both silicon and is close to that of boron, which is the
gallium arsenide. So-called second-order common p-type dopant in silicon, and the
effects, such as lifetime degradation and carbon itself is non-doping so that the

...4
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diode changes are related only to the dam- aged GaAs. Epitaxial GaAs with a (100)
age and not to additional d6ping. For doses orientation grown in-house is used. Initial
below 3 x 1013 ions per cubic centimeters, results show that most of the initial carrier
recovery of minority carrier lifetimes is concentration can be recovered on anneal-
accomplished at temperatures which are ing if the dose implanted was within the
well below the diffusion temperature. For 1012 - 1013 ions pe,' square centimeter re-
large doses, minority lifetime is perma- gion, by annealing to about 6C5 degrees C.
nently degraded. Since carrier lifetime is Heavier doses (101 - 1014) do not recover
primarily controlled by energy states near at such temperatures and studies to solve
mid-gap, thcse measurements indicate this problem will continue.
that mid-gap defect levels will anneal out
at 650 degrees C in silicon. Other defect
levels introduced in the ion implantation
process can be ob.. Brved by measuring JOURNAL ARTICLES
thermally stimulated currents. These july 1970- JUNE 1972
usually anneal out at temperatures some-
what above 500 degrees C. This was dem- Aui oN, A. F., and O'CoNNoX, J. J.

onstrated using non-doping sulfur ions to Get Growth of odiate Cryas
simulate the mass of phosphorus, the coin- Mat. Res. Bull., Vol. 6, No. 8 (August 1971)
mon n-type dopant in silicon. The experi-ment demnstatedthatannalin at A.MINGTON, A. F., STARs, P.. .. , and BUFORD, J. T.
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fers one approach. Other methods of dop- O B walia of CO, e Windoo
ing GaAs have not Deen very successful. Mlaterial at AFCRL
Possible causes of failure are that the ions Proc. of 5th Conf. on Laser Tech., Vol. 1 (1972)

do not become located at the desired lat-
tice sites, and defect compensation. De- B , J R ,Jf.,aPirra~iation Kirchhoff Diffract ion Theory of Thermal
fects resulting from the ion in-liation Unanginn Solids
appear not to be totally removed during Opt. Comm., Vol. 5, No. 2 (May 1972)
post-implantation annealing. The severity
of defect compensation in GaAs is suggest- vow, B., and YIo, Sr-Cna (Brown Univ.,Providence, P.. I.)
ed by the tendency of implanted junctions (4=1 am Thory ofDesrpt of Adatomsfrom
to exhibit p-i-n rather than p-n behavior. Solid Surfaces

Experiments to establish the degree of J. of Vacuum Scd. and Tech., Vol. 9, No. 2 (March-

compensation occurring when non-dopant April 1972)
ions are implanted, as well as the behavior BramAN, I., ad Cou az, J.
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AFCRL PRO="TS BY PROGRAM ELEMENTill prepum Alect Nunhbs, Tifl* umd Ae~ncy

61101F IN-HOUSE LABORATORY INDEPENDENT
RESEARCH

ILIR Laborutory Director's Fund

61102F DEFENSE RESEARCH SCIENCRS AFCRL
5620 Growth and Charucterizauon of Advanced

Electromagnetic Materials5621 Physics of Solid State Phenomena
5631 Ionospheric Radio Physics
5634 Research in Quantum-Electronics
5635 Eiectromagnetic Radiation, Sensors, and

Microwave Acoustics
5638 Research on Solid State Electronics
8600 Energetic Particle Environment
8601 Geomagnetism
8603 Infrared and Optical Techniques
8604 Meteorological Research
8605 Upper Atmosvhere Structure
8607 Earth Sciences and Technology
8608 Solar Plasma Dynamtics
8617 Electrical Structure of Aerospace
8620 Cloud Physics
8627 Spectroscopic Studies of Upper Atmospheric

Processes
8658 Infrared Non-Equilibrium Radiative

Mechanisms
8659 Energy Conversion Research

62101F ENVIRONMENT AFCRL
4603 Generation and Propagation of Low Frequency

Radio Waves
4642 Alleviation TechniquIes for Reentry Plasmas
4643 Aerospace Radio Propagation
6670 Atmespheric Sensing Techniques
6672 Weather Radar Techniques
6687 Aerospace Composition
6688 Solar Ultraviolet Radiation
5690 Aprospace Density
6698 Satelite Meteorology
7600 Geodesy for Naviguidance
7601 Electric and Magnetic Fields
7605 Weather Modification
7621 Atmospheric Optics
7628 Geophysical and Geokinetic Effects
7635 Upper Atmosphere Chemical Processes
7639 Wave Propagation Studies
7649 Solar Environmental Effects
7655 Micrometeorology
7659 Aerospace Research Instrumentation
7661 Polar Atmospheric Processes
7663 Ionospheric Characteristics
7670 IR Properties of the Environment
8624 Variability of Meteorological Elements
$628 Mesoscale Weathr v'orecasting
8666 Space Environment Observing and Forecasting

Techniques
8682 Millimeter Wave Propagation
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AFCRL PROJECTS BY PROGRAM ELEMENT

Ptgram PFiloc Nuambf, ThW. =n Agancy

62204F AEROSPACE A VIONICS AFAL
6096 Electronic Device and Circuitry Techniques
6100 Laser Technology

62601F ADVANCED WEiAPONTS AND
APPLICATIONS AFHL

3326 Laser Application

62702F GROUND ELECTRONICS RADC
4600 Electromagnetic Radiation Techniques

In addition to the above continuing Air Force funded projects, AFCRL participates in
joint programs supported by the olowing agencies:

1) 11. S. Air Fere:
Air Force Weapons laboratory
Electronic Systems Division
Air Farce Materials Laboratory

A9ir Weather Service
Air Force Technical Applications Center
Air Force Flight Test Center

*2) Advanced Research Projects Agency
*3) National Aeronautics and Space Administration

4) Atomic Energy Commission
5) Defense Nuclear Agency
6) Defense Mspping Agency
17) Army Material Command
8) Department of Transportation
9) U. S. Navy
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Lt. Col. K~. Pitchf~ord SCF SIJYA Analysis and Simnultlion C. M. Walter
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